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FOREWORD 

The Reactor Development P rog ram Progres s Report, issued 
monthly, is intended to be a means of reporting those i tems 
of significant technical p rogress which have occurred in 
both the specific reactor projects and the general engineer
ing research and development p rograms . The report is o r 
ganized in accordance with budget activities in a way which, 
it is hoped, gives the c leares t , most logical overall view of 
p rogress . Since the intent is to report only items of signifi
cant p rogres s , not all activities a re reported each month. In 
order to issue this report as soonas possible after the end of 
the month editorial work must necessar i ly be limited. Also, 
since this is an informal progress report , the resul ts and 
data presented should be understood to be prel iminary and 
subject to change unless otherwise stated. 

The issuance of these reports is not intended to constitute 
publication in any sense of the word. Final resul ts either 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
repor ts . 

The last six reports issued 
in this ser ies are : 

September 1967 ANL-7382 

October 1967 ANL-7391 

November 1967 ANL-7399 

December 1967 ANL-7403 

January 1968 ANL-7419 

February 1968 ANL-7427 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Project Activities for March 1968 

EBR-II 

The reactor was operated for 293 MWdt in Runs 27B and 27C during 
March. Each run was terminated after the detection of an increase in fis
sion gas activity in the pr imary cover gas. Two previously suspected ex
perimental subassemblies had been reinserted in the reactor for these 
runs: XG05 was present during Run 27B, and XA08 during Run 27C. A 
positive identification of the source(s) of the fission gas has not yet been 
made. The cumulated total of EBR-II operation is 16,117 MWdt. 

Normal production was resumed in the FCF hot line and the cold 
line following the adoption of a larger acceptance limit for the diameter of 
the lower ends of the fuel-element jackets. The new, conservatively chosen 
limit allows most of the elements to pass inspection despite a small amount 
of deformation from impact bonding. Studies are being made to evaluate 
methods for reducing the deformation and to define precisely the limit at 
which the deformation becomes harmful. 

ZPR-3 

In a continuation of experiments on Assembly 51, measurements 
were made of the worths of depleted uranium, UsO,, Pu, Na, Ta, and B4C in 
various positions. A fuel-compaction experiment was performed by moving 
a section of fissile and fertile mater ia l axially from the core-ref lec tor 
boundary toward the center of the core, displacing sodium. 

ZPPR 

Full-load deflection testing of the bed and tables was completed 
satisfactorily. After the reactor knees were installed, a full complement 
of matr ix tubes was loaded and reloaded in an effort to develop a clamping 
procedure that would minimize tube deflection. 

The backup containment s tructure was leak tested satisfactorily 
following replacement of uncertified fil ters. 

AARR 

Thermal analyses of the reflector shroud and pedestal continued. 
New steady-state tempera ture calculations indicate that the highest t empera
ture , 259°F, occurs in the upper support ring. 



Confirmation testing of the beam-tube reflector liner indicates no 
appreciable leakage past the liner. 

Underwater life-cycle tes ts of the hydraulic-rabbit loading station 
have been terminated after successfully completing 13,000 cycles, equiva
lent to an estimated 5-yr operating period. 

Load and deflection tes ts were made on the blind beam tubes. 

Vibration problems in the prel iminary flow tests of the ITC proto
type were traced to a temporary flat-plate orifice that was not a part of 
the prototype. When the plate was removed, the vibration ceased. 
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I. PLUTONIUM UTILIZATION--CIVILIAN--EBWR 

A. Research and Development 

1. Operational Consultation and Support 

a. Materials Surveillance (N. Balai) 

Last Reported: ANL-7371, p. 1 (Aug 1967). 

(i) Post irradiat ion Vessel Surveillance. After the remotely 
controlled 240 ft-lb Riehle impact-test machine was refurbished, m e a s u r e 
ments of irradiation effects on the impact strength of the EBWR p r e s s u r e -
vessel SA212B steel, rounded-corner , Charpy vee-notch specimens were 
started. Before a reasonable calibration with Watertown Arsenal s tandard
ization specimens could be achieved, the testing machine's hammer bea r 
ing was replaced, the anvil faces were machined, and the machine was 
removed from its dolly and bolted to the floor (it had been mounted on a 
wheeled car r iage so it could be moved into and from the caves). The 
machine is still slightly out of calibration at the higher energies , as is shown 
in Table LA. 1, but is satisfactory for use at the lower energies required 
for the fracture of SA212B steel. 

TABIi I.A.I. Calibration of Impict-lest Machine al Room T«m|»ratura 

Sar le i 

1-3 

H-5 

6-4 

Watartown Arsenal 

Impact Standard 

Impact Strengt 

m-ibi 

14.5 i 1 

50.1 i 25 

844 ! 42 

Criarpy 
Identity 

h Speclman 
No. 

8(8 
004 
244 
776 
172 
184 
343 
307 
410 

n 
056 

667 

465 

656 

431 

796 

615 

823 

163 

103 

966 

449 

222 

896 

173 

145 

215 

392 

769 

Test - ruchine Results 

Wheeled-Oolly 

Mounting 

17 0« 

, 1 6 5 ' 
160" 
150" 
15 5" 

50 8" 
49 9" 
526' 
45 2* 
498* 

93 5" 
966' 
892" 

100 o" 
1020" 

IH-IW 

Find Mounting 
IBottad and Grouted) 

14 0" 
152" 
14 3" 
16 2" 
14 3" 

50 6" 
50 4" 
52 0" 
45.0" 
49.1" 

93.0'> 

86.2>> 

97.0" 

91 O* 

fpo n-tb max hammer. 
'*240 ft-lb max hammer. 



Capsule 4 was examined first; it contained 15 rounded-
corner , Charpy vee-notch control specimens for determining the t empera 
ture effects during the residence period for the five capsules. During the 
residence t ime, approximately 4800 hr at an average power of 44 MW, this 
capsule lost its helium-gas charge (500-p6i fill pressure) . Although severa l 
drops of water were found when the stainless steel container was opened and 
the impact specimens were coated with a dark oxide, no thermal effects were 
found when the impact transition curve for the specimens was compared 
with curves obtained previously. However, prel iminary resul ts from bars 
in Capsule 5 (a "bare" tube irradiation) indicate substantial i rradiat ion 
embrittlement during the 4800 hr of exposure. The source strength of each 
of these bars is about 4 R/hr at a distance of 3 in. 

(a) Cracks in the Cladding. It was reported previously* 
that the cladding cracked more severely in the 2-in.-thick "practice" plate 
and that the mechanism differed from that for the EBWR vessel cladding. 
A review of the mill test reports for the cladding mater ia ls reveals that 
the cladding used for the 1959 practice plate was significantly hardened by 
cold work at the mill before delivery to the fabricator. This stainless 
cladding was then resistance-welded to the SA212B backing plate to produce 
the practice plate that was used at the Laboratory to pretest the welding 
procedures used in uprating the EBWR to the 100 MW capability of 1960. 
The multiple effects of cold rolling of cladding, forming of the clad plate to 
the 84-in.-dia circular segment, and of subsequent s t r ess relief resulted in 
the severe sensitization of the stainless steel as shown by Fig. 10 of 
ANL-7117. The ear l ier deductions concerning the cladding failure mecha
nisms, namely, the rmal - s t r e s s ruptures , are supported by the data abstracted 
from the mill test repor ts . Table LA.2 summarizes the finish, hardness, and 
related data for the two heats of cladding. 

TABLE I.A.2. Summary of Mill Tes t Report Data for EBWR Vesse l 
and for P r a c t i c e - p l a t e Cladding Mater ia l 

Heat Mill Invoice Hardness 
No. Date (Rfl' Specification, Grade , Finish 

EBWR-vesse l cladding from Allegheny-Ludlum 

334053 5/19/55 75-77 Allegheny Metal 18 -8 -S ,Type 304, No, 1 finish 
( f e r r i t e / aus ten i t e =1 .50 ) 

P r a c t i c e - p l a t e cladding from Republic 

H-26800 10/23/57 82 SA240, Gr. S. Enduro 18-8-S. Type 304 
CR Sheets , No. 4 finish, one side polished 
( fe r r i t e /aus ten i t e = 1.625 ) 

^Calculated from the composi t ions and the re la t ions given by the Schaeffer d i ag ram. 

*Balai, N., Sutton, C. R., Wimunc, E. A., and Jones, R. F., Inspection, Evaluation, and Operation of the 
EBWR Reactor Vessel, ANL-7117 (Nov 1965). 



II. LIQUID-METAL FAST BREEDER REACTORS--CIVILIAN 

A. Fuel Development--LMFBR 

1. Metallic 

a. Fuel Element Performance (W F. Murphy) 

Last Reported: ANL-7427, pp 1-2 (Feb 1968). 

Two metall ic fuel elements are being irradiated in EBR-II 
Subassembly XG05. This subassembly has been moved to the storage rack 
while attempting to locate a leaking fuel element or capsule It is scheduled 
for reinsert ion if it is determined that the leak is not in this subassembly. 

Revised data indicate that the two metallic fuel elements 
(u-15 w/o Pu-10 w/o Zr and U-15 w/o Pu-10 w/o Ti, both clad in V-
20 w/o Ti) in Subassembly XG05 had accumulated 92% of the scheduled 
exposure. The estimated burnup for these two fuel elements is 6 9 a /o . 

Fifteen U-15 w/o Pu-10 w/o Zr fuel elements (Group M-3) have 
accumulated ~0.6 a/o burnup in EBR-II. The pr imary objectives and design 
and operating paramete rs of these elements have been given previously (see 
P rog re s s Report for December 1967, ANL-7403, pp 3-5) 

The fuel elements for the M-4 irradiation experiment have been 
reassembled, and are being bonded and inspected. The M-4 experiment will 
investigate the irradiation of U-15 w/o Pu-1 2 w/o Zr fuel alloy at 14 kW/ft 
in stainless steel and vanadium alloy cladcftngs. 

(i) Studies of Cladding-Fuel Interaction (D W Walker) 

Additional work with fuel elements irradiated in Subassem
bly XA07 has been done to determine the degree of interaction between the 
U-15 w/o Pu-9 w/o Zr alloy fuel and the cladding mater ia ls (see P rog re s s 
Report for November 1967, ANL-7399, pp. 1-4). The samples studied were 
sections of Type 316 stainless steel and Hastelloy-X claddings that had been 
i r radiated to 4.9 a/o burnup at a maximum cladding tempera ture of 615°C. 
Evaluation of the cladding-core reaction was performed by metallographic 
examination and by microprobe analysis The samples were small t r a n s 
verse sections that had been cleaned carefully to remove any t race of fuel 
alloy. Control samples of unirradiated tubing that had been heat- t reated 
at 600°C for 96 hr were also prepared for comparison. 

Metallographic examination indicated that the stainless 
steel cladding had reacted with the U-Pu-Zr fuel, a reaction zone of approxi
mately 32-jLi thickness had formed. In addition, carbide precipitate was found 



in t he g r a i n b o u n d a r i e s , and a fine p a r t i c u l a t e p h a s e had f o r m e d wi th in the 
g r a i n s . The c o n t r o l s a m p l e a l s o showed tha t c a r b i d e p r e c i p i t a t e f o r m e d , 
and the g r a i n s i z e w a s e s s e n t i a l l y i d e n t i c a l wi th tha t of the i r r a d i a t e d m a 
t e r i a l . H o w e v e r , no fine p a r t i c u l a t e p h a s e was d i s t r i b u t e d wi th in the g r a i n s . 

A m i c r o p r o b e a n a l y s i s was m a d e on the i r r a d i a t e d s t a i n l e s s 
s t e e l s a m p l e ; a r e a c t i o n zone 25 fi wide was i nves t iga t ed . The a n a l y s i s con
s i s t e d of (1) X - r a y s p e c t r a l p r o f i l e s to de t ec t the p r e s e n c e of c a r b o n , oxygen, 
and n i t r o g e n , a s we l l a s a l l e l e m e n t s above a t o m i c n u m b e r 11; and (2) m e 
c h a n i c a l s c a n s t h a t show the l i n e a r d i s t r i b u t i o n of a l l e l e m e n t s d e t e c t e d . 

The r e s u l t s of the m e c h a n i c a l s c a n s , s u m m a r i z e d in 
F i g . II .A. 1 , w e r e s i m i l a r to t h o s e ob ta ined wi th Type 304L s t a i n l e s s s t e e l 
i r r a d i a t e d in c o n t a c t wi th U - P u - Z r fuel ( s ee A N L - 7 3 9 9 , p . 3). A m a j o r dif
f e r e n c e , h o w e v e r , w a s the p r e s e n c e of s ign i f i can t a m o u n t s of p lu ton ium and 
u r a n i u m in the r e a c t i o n l a y e r of the s a m p l e e x a m i n e d in the p r e s e n t s tudy; 
m a x i m u m bu i ldup o c c u r r e d a p p r o x i m a t e l y 5 ji f rom the i n t e r f a c e . In o r d e r 
to d e t e r m i n e if the p lu ton ium and u r a n i u m p r e s e n t at the fue l - c l add ing i n t e r 
face w e r e in the f o r m of a c e r a m i c compound , the c h a r a c t e r i s t i c X - r a y line 
of oxygen w a s sought in the p l u t o n i u m - r i c h l a y e r . A high c o n c e n t r a t i o n of 
oxygen w a s a s s o c i a t e d wi th th i s l a y e r , which s u g g e s t e d that p lu tonium and 
u r a n i u m w e r e p r e s e n t a s (U ,Pu)02 in a c o n c e n t r a t i o n of a p p r o x i m a t e l y 
70 w / o P u and 20 w / o U. 

An e x t e n s i v e r e a c t i o n zone ex tended a p p r o x i m a t e l y 152 ji 
into the c l add ing of t he i r r a d i a t e d H a s t e l l o y - X s a m p l e . Th i s zone a p p e a r e d 
b r i t t l e , a s i n d i c a t e d by a n u m b e r of c r a c k s o b s e r v e d . The g r a i n s t r u c t u r e 
of the u n r e a c t e d p o r t i o n of the s a m p l e was not r e v e a l e d . The s t r u c t u r e of 
the H a s t e l l o y - X c o n t r o l s a m p l e a p p e a r e d n o r m a l , but had a l a r g e g r a m 
s i z e . A m i c r o p r o b e a n a l y s i s wi l l be p e r f o r m e d on the i r r a d i a t e d s a m p l e . 

2. Oxide 

a. F u e l E l e m e n t P e r f o r m a n c e ( F . L. Brown) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , p. 2 (Feb 1968). 

F o u r fuel e l e m e n t s i r r a d i a t e d in e x p e r i m e n t a l S u b a s s e m b l y X O U 
to b u r n u p s of a p p r o x i m a t e l y 3.5 a / o a r e being d e s t r u c t i v e l y e x a m i n e d . A 
fifth e l e m e n t (SOV-3) s t i l l in i t s i r r a d i a t i o n c a p s u l e wi l l be r e t u r n e d to Idaho 
and r e i n s e r t e d in E B R - I I to c o m p l e t e the t a r g e t bu rnup of 5 a / o ( e l e m e n t 
SOV-1 wi l l be r e i n s e r t e d a l s o ) . E l e m e n t SOV-7 , a l s o i r r a d i a t e d in Sub
a s s e m b l y X O l l , is to be r e t u r n e d f rom E B R - I I for e x a m i n a t i o n in p l ace of 
S O V - 3 . Des ign p a r a m e t e r s and i r r a d i a t i o n condi t ions for the s e v e n e l e m e n t s 
o r i g i n a l l y in S u b a s s e m b l y X O U w e r e r e p o r t e d p r e v i o u s l y ( see P r o g r e s s R e 
po r t for S e p t e m b e r 1967, A N L - 7 3 8 2 , T a b l e I I .D . l , p. 73). 

Two of the e l e m e n t s being examined (HOV-4 and HOV-10) had 
fai led dur ing i r r a d i a t i o n . The bond sod ium had leaked out of HOV-4, which 



caused severe overheating of this element. Transverse sections were made 
through the capsule (containing HOV-4) at quar ter-points along the length of 
the fuel column. Examination of the as-sectioned surfaces confirmed that 
the cladding was in intimate contact with the capsule. Also, the melting 
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point (1290°C) of the cladding had been exceeded, at least along the lower 
half of the fuel column. The cladding along the upper half of the fuel col
umn was in slightly bet ter condition; tempera tures had been lower, and 
failure evidently was propagated by longitudinal and t r ansver se cracking 
ra ther than by melting of the cladding. The structure of the fuel varied; 
in some locations a central void was evident. A region of columnar grains 
was usually discernible adjacent to the central area . Only t races of sodium 
were present in the cut sections. 

3. Ca rb ide - - Fabricat ion and Evaluation 

a. Fuel Element Performance ( j . H. Kittel) 

Last Reported: ANL-7419, p. 2 (Jan 1968). 

The status of uranium-plutonium carbide fuels under irradiation 
in EBR-II has been given previously (see P rog re s s Report for December 1967, 
ANL-7403, Table II. A.4, p 9). I n m o s t instances corrected est imates of the 
cu r ren t burnup levels a r e slightly lower than those previously reported (by 
about 0.1 a /o) . 

b, Coinpatibility between Fuel Carbide and Jacket Alloys 
(T. W. Lat imer) 

Last Reported: ANL-7427, pp. 2-3 (Feb 1968). 

(i) Vanadium-base Alloys. The V-1 5 w/o Ti-7 . 5 w/o Cr alloy 
was carbur ized to an average depth of 64 fi after contact with essentially 
s ingle-phase (Uo.8Puo.2)2C3 (6.75 w/o equivalent carbon) for 1000 hr at 800°C. 
The effect was accompanied by reduction of the (U,Pu)2C3 to (U,Pu)C to an 
average depth of 38 / j . The depth of carburization was the same as that found 
in t e s t s with (Uo.ePuo.z)^ under the same conditions. However, no carburiza
tion of this vanadium alloy was found after a s imi lar test with the oxycarbide 
composition (Uo.8Puo.2)(Co.620o.38^0.01 )• 

(ii) Compatibility of Uranium Phosphide with Vanadium-base 
Alloys No effect was observed on V-20 w/o Ti alloy after contact with 
s ingle-phase UP for 1000 hr at 800°C. Vanadium alloys that contain this 
amount of t i tanium a r e carburized by (U,Pu)C at 700°C. 

4. Carbide- -Synthesis 

a. P ress ing and Sintering of Carbide Fuel Pel le ts (P. A. Nelson) 

Last Reported: ANL-7403, p. 11 (Dec 1967). 

High-purity UC and (U-1 5 w/o Pu)C powders prepared by the 
meta l -methane reaction (see P rog re s s Report for February 1968, ANL-7427, 
pp. 4-5) a re being pressed and sintered into pellets suitable for i rradiat ion 



testing. The pellets a re pressed at 75,000 psi in a double-acting hydraulic 
p r e s s . Green (unsintered) densities of the UC and (U,Pu)C pellets a r e 
7.4 ± 0.1 and 8.0 ± 0.1 g /cc , respectively. The required density of sintered 
carbide pellets is 85 ± 3% of theoretical , and the specification for diameter 
is 0.255 ± 0.001 in. 

The current procedure for sintering the pellets involves degas
sing them in a furnace heated with a graphite resis tance heater at 10"^ Tor r 
until 1000°C is reached ( - l / 2 hr) The pellets a re then heated to the s inter
ing tempera ture . To achieve the desired density, the (U,Pu)C pellets a re 
sintered at 2115°C, and the UC pellets are sintered at 1725°C. The sintering 
tempera ture is reached about one hour from the time the degassing operation 
commences, and is maintained for 30 to 40 min for the (U,Pu)C pellets and 
for 2 to 3 hr for the UC pellets. The furnace atmosphere is maintained at 
15 Tor r of high-purity argon during the sintering operation. The furnace is 
subsequently cooled to room tempera ture in one hour. 

The effect of sintering temperature on pellet density was inves
tigated in a se r ies of sintering experiments. Several batches of about ten pel
lets each were pressed from the same batch of (U,Pu)C powder, and each 
batch was sintered at a different temperature . Five batches sintered at 
2115°C had a density of 85 ± 1% of theoretical. Pellets were also sintered 
at 1800, 1900, and 2215°C. The results of these tests indicated that the 
density of (U,Pu)C pellets increases about 2.5% of theoretical for each 
100°C increase in sintering temperature from 1800 to 221 5°C. 

About half of the pellets produced at 2115°C do not meet the 
diameter tolerance of ±0.001 in. because of slight distortion due to shrink
age during sintering. A center less grinder* is being installed to reduce the 
diameter of oversize pellets. The percentages of diametral and axial 
shrinkage differ only slightly. At 2115°C the (U,Pu)C pellets undergo 
12.0 ± 0.5% shrinkage in diameter and 10.7 ± 0.5% shrinkage in length. 

A limited amount of data is available on the purity of the pellets 
that have been produced because, in many cases, the powders used have been 
contaminated with oxygen during handling. In a recent run precautions were 
taken to avoid oxygen contamination of the (U,Pu)C feed mater ia l and the 
following analytical resul ts were obtained on the pellets: carbon, 4.99 w/o; 
oxygen, 150 ppm; and nitrogen, 300 ppm. 

5. Fuel Cladding and St ruc ture- -Jacket Alloys 

a. Irradiation Studies of Fuel Jacket Alloys (R. Carlander) 

Last Reported: ANL-7427, pp. 6-7 (Feb 1968). 

In previous experiments (see P rogres s Reports for May 1967, 
ANL-7342, pp. 75-77, and August 1967, ANL-7371, pp. 80-83), V-20 w/o Ti 
alloy (heat t reated for 1 hr at 900°C) was i r radiated to a nominal fluence of 



5 x 1 0 at 600 ± 100°C. The postirradiation tensile tests showed a maximum 
increase in yield strength of approximately 43% at a test temperature of 
550°C. Moreover , the uniform elongation of the irradiated specimens de
creased from approximately 18 to 12% at the same test temperature . Addi
tional tensile tes ts at 400 and 650°C (see Progress Report for December 1967, 
ANL-7403, pp. 11-13) revealed that the yield strength of the irradiated alloy 
was about the same as that at 550°C. The uniform elongations at 400 and 
660°C, however, were higher than that at 550°C. 

Two se r ies of tensile tes ts were made with V-20 w/o Ti alloy: 
(1) Specimens i r radiated to a nominal fluence of 5 x 10^' at 600 ± 100°C were 
tested at 750°C to determine if the observed changes in strength (due to i r ra 
diation) pers i s ted over the pos t i r radia t ion- tes t - tempera ture range of 400 to 
750°C. (2) Specimens i r radiated to a nominal fluence of 3 x 10^^ at a calcu
lated i r radiat ion tempera ture of 580°C were tested at 550 and 650°C to deter
mine the effect of higher fluence levels on postirradiat ion tensile strength. 
The tensi le tes t s were conducted at a constant crosshead speed of 0.05 cm/min 
with a gauge length of 2.5 cm. 

The resul ts from tests on the irradiated specimens were com
pared with resul ts from tests conducted on unirradiated specimens at ap
proximately the same test tempera ture , 400, 600, and 800°C (see Progress 

Report for October 1967, ANL-7391, pp. 9-12). 
The comparison is presented in Fig. II.A.2. 
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The p o s t i r r a d i a t i o n yie ld s t r e n g t h of 
the s p e c i m e n s i r r a d i a t e d at both f luence levels 
d e c r e a s e d as the t e m p e r a t u r e was i n c r e a s e d 
f rom 400 to 750°C. The d i f fe rence be tween 
the i r r a d i a t e d and u n i r r a d i a t e d yie ld s t r e n g t h s 
a t ~750°C was s m a l l b e c a u s e r e c o v e r y p r o b 
ably o c c u r r e d a t th i s t e s t t e m p e r a t u r e . The 
u n i f o r m e longa t ion of s p e c i m e n s i r r a d i a t e d 
to 5 X 10^' and 3 x 10^^ o v e r the t e s t t e m p e r a 
t u r e r a n g e of 400 to 750°C was s i m i l a r to that 
of the u n i r r a d i a t e d a l loy (except for the 550°C 
t e s t of the s p e c i m e n i r r a d i a t e d to 5 x 1 0 ). 

Fig. II.A.2 
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The r e s u l t s of the t e n s i l e t e s t s ind ica te 
tha t (1) i r r a d i a t i o n up to a n o m i n a l f luence of 
3 X l O " does not a p p e a r to affect the duc t i l i t y 
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of V-20 w / o Ti a l loy o v e r the p o s t i r r a d i a t i o n -
t e m p e r a t u r e r a n g e of 400 to 750°C, and (2) a l 
though s t r e n g t h e n i n g o c c u r s a s a r e s u l t of 

i r r a d i a t i o n , the o r i g i n a l s t r e n g t h of the a^loy m a y be r e c o v e r e d by p o s t i r r a 
d ia t ion a n n e a l i n g a t a t e m p e r a t u r e a r o u n d 750°C. 



B. Physics Development-- LMFBR 

1. Theoretical Reactor Phys i c s - -Fas t Critical Exper iments - -Theore t ica l 
Support (F. W. Thalgott, R. B. Nicholson, and R. G. Pa lmer) 

Last Reported: ANL-7427, pp. 9-10 (Feb 1968). 

a. Updated Safety Analysis of ZPR-3. The safety analysis of ZPR-3 
has been updated to include plutonium loadings in the Fast Test Reactor 
(FTR) format up to 800 kg of plutonium. A parametr ic survey of a s tar tup 
accident has shown that, even assuming pessimist ic values for the feedback 
coefficients, the circuit delay t imes, and the reactivity ramp ra tes , the ex
cursions were terminated by scram action before core-damaging tempera
tures were reached in the most concentrated fuel, i.e., the ZPR-3 plutonium 
metal plates. The temperature r i ses in the Pu-U alloy plates were lower by 
a factor of about three. The assumptions in the accident were a gross core 
overloading, a complete failure of the period t r ips , and sc ram action being 
initiated by the power-level t r ips . 

b. Modifications to RABID. An improved method of evaluating 
sums of exponential integrals of the form 

00 

S = X En(z + kh) 
k=o 

/ 

M 

?-zt dt 
(1 - e-^t) n̂ 

w-e 
= 1 

by Gaussian quadrature (rather than by adding the first few te rms and ex
trapolating geometrically to infinitely many te rms) has led to speed in
c reases of up to 50% for RABID. Numerical accuracy is also improved. 
The quadrature weights w, and nodes tj were computed for n = 0 (1) 10 and 
for M - 2 (1) 10. Accuracy sufficient for use in RABID was obtained by 
using M = 4. 

An N-region problem requires a running time proportional to 
N for RABBLE, and to N^ for RABID, with RABID being quicker for small N. 
Also, accurate results are obtained from RABID with a smal ler N than r e 
quired in RABBLE. Consequently RABID may be best used for a few "bench
mark" calculations when dealing with very complicated cel ls . 
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2- Exper imental Reactor Phys i c s - -Fas t Critical Exper iments - -
Experimental Support (Idaho) (W. G. Davey) 

Last Reported: ANL-7427, pp. 10-12 (Feb 1968). 

a. Neutron Spectrometry 

(i) High-count-rate Electronics . Work has been initiated to
ward integration of a pole-zero compensated preamp and linear amplifier 
into the present pulse-shape discrimination system. Preamplif ier power 
cables were run from the Argonne Fas t Source Reactor (AFSR) and ZPR-3 
to the spec t rometer laboratory. Preampl i f iers were mounted in two ZPR-3 
d rawer s . This equipment will be installed in AFSR, and count-rate tes ts 
will be performed. Several different neutron spectra will be studied to 
check the overlap of the proton-recoi l spectra . These data will give the 
information needed to complete the optimum preamplifier design. 

(ii) Computer Software. Work has started on streamlining the 
p resen t p ro ton- reco i l software package. The present computer program is 
very detailed and lengthy. The final product of this effort will be a more 
compact p rog ram in assembly language. This will facilitate future mea
surements of neutron spectra in a more standardized manner. 

b. Heterogeneity Studies. The analysis of the exposure of "^\J 
foils in AFSR is almost complete. Several gamma-ray peaks appear to be 
suitable for foil-activation measurement s . 

The intensity rat ios of the gamma-ray peaks in two fission 
product mass chains were found to be quite constant, which indicates that 
the activations a re being interpreted correct ly . Gamma-ray peaks from 
' ' "^Nb-"Nb , with a half-life of 17 hr, had nearly the same intensity 
ratio over a period of 50 hr. Several gamma-ray peaks from I, with an 
effective half-life of 78 hr, were found to have essentially constant intensity 
rat ios for a period of several days. Other possibili t ies are '^^I, '^^I, '"^Ru, 
" ' C s , and " S r - " " ^ Y . There is considerable scat ter in the gamma- ray peak-
intensity rat ios for these isotopes from the ^ '̂U exposure, but the better 
resolution of our new electronics may improve this condition in subsequent 
runs. 

A ^"Pu exposure in AFSR has been completed, but the data have 
not yet been analyzed. Pre l iminary evaluation does indicate, however, that 
another exposure will be needed, preferably with a thin foil instead of the 
30-mil sample used. Procurement of suitable thin foils has been initiated. 

An exposure of a " ' U foil in 2PR-3 is now in p rogress . This 
will permi t the evaluation of the count rates and the necessary exposures 
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for foils in ZPPR. In addition, it will provide some indication of the count
ing t imes that will be needed to obtain the required stat is t ical accuracy. 

c. Computer Applications. The Request for Proposals for the 
ZPPR Computer System has been modified to incorporate final comments 
from the Reactor Physics Division and is ready to be issued to computer 
vendors. 

The Justification Document has been revised to incorporate the 
most recent data from other a reas of reactor equipment development on 
ZPPR. 

The ZPPR fuel inventory procedures and the application of 
automation to these have been investigated. A standard logging form from 
which IBM cards can easily be punched has been designed. A CDC-1604 
program for building and updating a fuel-inventory mas ter tape is in p re 
l iminary s tages, and should be operational before fuel a r r ives for s torage 
in the ZPPR vault. 

A computer program for recording ZPPR core-loading infor
mation is in its formative stage. This program will produce a magnetic 
tape for each loading, containing all information including descriptions of 
drawer m a s t e r s , fuel-plate identification, and drawer position. This infor
mation will be in such form that atomic densities, plutonium mass , and other 
pertinent pa ramete r s can be obtained from the computer. These programs 
will be designed so that the logic will be compatible with the ZPPR Computer 
System. 

Bids have been received on the»interim data-recording system. 
Low bidders have been contacted for clarification of technical details pr ior 
to issuance of a purchase order . 

3. Experimental Reactor Phys i c s - -Fas t Crit ical Exper iments - -
Experimental Support (Argonne) 

a. Basic Reactor Data (R. Gold) 

Last Reported: ANL-7391, p. 120 (Oct 1967). 

(i) Absolute Measurements of Fission Neutron Yield. The 
process of neutron generation in a reactor is related to either of two com
bined p a r a m e t e r s , vof or rjOa, specifying the neutron yield per absorption 
in fissionable mater ia l . Neither of these pai rs yields sufficient information 
because of s t ructura l effects, but each is a basis of calculational procedures . 
At present there a re grea ter inconsistencies in reported data for both v and 
Of than for both T) and o^. 
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Although r e l a t i o n s h i p s be tween the n e u t r o n y ie ld p e r f i s 
s ion , V, and o t h e r n u c l e a r da ta have long been r e c o g n i z e d , d e s i r e for high 
p r e c i s i o n h a s b e c o m e m o r e s ign i f i can t due to the s t r o n g inf luence of V in 
v a r i o u s m e t h o d s of i n - c o r e d e t e r m i n a t i o n of b r e e d i n g r a t i o s for a d v a n c e d 
r e a c t o r s . F u r t h e r m o r e , t he foundat ion u n d e r l y i n g a l l v v a l u e s a r e t he a b 
s o l u t e m e a s u r e m e n t s , m a i n l y t hose of "^U and "^Cf. 

F r o m a r e c e n t s tudy* of c u r r e n t v a l u e s of the fundamen ta l 
f i s s i o n p a r a m e t e r s , u n d e r l y i n g c h a r a c t e r i s t i c s of the v a r i o u s m e a s u r e m e n t s 
of n e u t r o n y i e ld h a v e b e e n i s o l a t e d and e x a m i n e d for s u s c e p t i b i l i t y to s y s 
t e m a t i c e r r o r . One m a y c l a s s i f y t h e s e e x p e r i m e n t s into two c a t e g o r i e s , 
ga t ed and n o n g a t e d , wi th v a r i a t i o n s in e a c h g r o u p . C e r t a i n w e a k n e s s e s of 
e a c h m e t h o d can be d i s t i n g u i s h e d , and e f for t s m a d e to e v a l u a t e or r e m e d y 
the p o s s i b l e s o u r c e s of e r r o r a r e e x a m i n e d . New pub l i shed and unpub l i shed 
d a t a on v{"^U) and v(^"Cf) can be b r o u g h t into the p i c t u r e . An eva lua t ion 
h a s b e e n m a d e of the p r o s p e c t s for i m p r o v e m e n t s b a s e d on new t echn iques 
in n e u t r o n d e t e c t i o n , p a r t i c u l a r l y wi th the m a n g a n e s e ba th . T h e r e have a l so 
b e e n a n u m b e r of a d d i t i o n a l i m p r o v e m e n t s in n e u t r o n de t ec t i on which a r e 
a p p l i c a b l e to e v a l u a t i o n of n e u t r o n y i e l d s . Both B r i t i s h * * and A m e r i c a n ^ 
g r o u p s a r e p u r s u i n g b e t t e r da t a and b e t t e r a g r e e m e n t . B e c a u s e the y ie lds 
m a y b e d e t e r m i n e d by two wide ly d i f fe ren t e x p e r i m e n t a l m e t h o d s , and b e 
c a u s e Cf can be e s t a b l i s h e d as a conven i en t r e f e r e n c e s t a n d a r d , it is 
l i k e l y t h a t 0 .33% a c c u r a c y is e v e n t u a l l y a t t a i n a b l e in v. 

4 . Z P R - 3 O p e r a t i o n s and A n a l y s i s (W. G. Davey and R. L. McVean) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , p . 12 (Feb 1968). 

a. M o c k u p S t u d i e s . E . x p e r i m e n t s wi th A s s e m b l y 51 , the f i r s t co r e 
of the F T R P h a s e - B c r i t i c a l e x p e r i m e n t s , con t inued . The following m e a 
s u r e m e n t s w e r e m a d e : 

(1) the w o r t h s of d e p l e t e d u r a n i u m m e t a l , U3O8, and s o d i u m by 
m a t e r i a l r e p l a c e i n e n t in half of the c o r e d r a w e r s ; t h e s e d r a w e r s w e r e d i s 
t r i b u t e d o v e r the e n t i r e c o r e ; 

(2 ) t h e w o r t h of s u b s t i t u t i n g s o d i u m f o r t h e c o r e m a t e r i a l s 

a n d a x i a l - r e f l e c t o r m a t e r i a l s in t h e P - 1 6 m a t r i x p o s i t i o n of b o t h h a l v e s ; 

Current Values of Fundamental Fission Parameters, Reactor and Fuel Processing Technology 
10(4), 271-288 (Fall 1966). 

**Colvin, D. W., Sowerby, M. G., and McDonald, R. I., Confirmatory Experimental Data on the Harwell 
Boron Pile ~ Values, Proc. Conf. Nuclear Data, Paris, October 196G (IAEA, Vienna, 1967), Vol. I, p, 307. 

t D o Volpi, A., and Porgcs, K. G., Direct and Absolute Mcasiirenicnts of Average Fission Neutron Yield 
from 2'*5u and 252cf. ibid., p. 297. 
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(3) the worth of sodium by removing sodium from the normal 
core composition in a central zone in both halves of the reactor; both axial 
and radial reactivity worths of the sodium were determined; 

(4) the worth of a 7-in.-long region of normal core composition, 
as a function of axial position, as it is moved within a column of sodium oc
cupying the P-16 matrix position in both halves; 

(5) the worth of compacting the fuel by moving the fissile and 
fertile mater ia l at one core-axial reflector boundary in the P-16 matr ix 
position toward the center of the core, displacing sodium; 

(6) the central worths of tantalum and enriched B^C in the P-16 
matr ix position; 

(7) the worths of depleted uranium metal, U3O8, and plutonium 
in the P-16 matrix position. 

(i) Distributed Sodium Worth. In this experiment, the reac
tivity effect of removing one 17-in. column of sodium from A-type drawers 
was measured. The column removed was the interior column of the two in 
the A-type drawers . Reactivity measurements were taken with 24, 42, and 
112 drawers perturbed. The reactor loading was the reference geometry 
containing 1 12 A-type drawers of which two are control drawers . Stainless 
steel frames were placed in the vacated sodium positions. 

Tables II.B.l and II.B.2 summarize the mater ia l changes 
in each A-type drawer and the experimental results for each step: 

TABU II e.i ComfOMlIwi ChAny for Olslrlliutid Sodium Wortll Ejvahminl 

DriMtr 

* 
tkntral 

MMerlol Roinoml pir Dr iMf 

Sodium Igl 

109.09 

100.71 

Slalnkii Slalnlau Slaol A d M 
SlatI I9I par Draar «! 

IS7r9 I 6 I C 

1SI.9< I31.y 

Stalnlaii Slaal 
Cli«<oal|l 

• 3.41 

l A U II.B.1 mtrmmm Unultt lor Mnr l t i iW So«ui> M f f l i l 

Total Kto. 
olOroMrs 

P t r t u r M DraMn 
in Each Hall 

Solium Slalnlais 
I Rtmowd Incran* I t a l M t y 

I9I Igi I I M 
CJun^a 

llhl 

K-IS, L IB, M-18, N-18 
0-18 P-18 L - » . M - » , 
N-a), 0 - a . p -» , p - a 

AlDve. pJuj 0-18. 0-18. 
S - 1 8 M 8 . U-18, 0 - » , 
ft-ZO. S-20. 1-20 

Above, plui tfie remaining 
A-type dTMert including 
two control drawrs 
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which occurred S~^i~~'^^^^^^^^^^^^^^^^ ^ ^ ^ -activity loss 
in both core .nH , n ^ ^ " ^ ^ contents in the P-16 matrix location, 

cont̂ î ned i: tainT: lltlTZr'' ^^"^"^^'^ ^"'^ ' ^ - ' - ' ^ " ^ ^"^^^"^ 
and sorino . , „ ! /v! 1 ^^^ measured. Excluding drawer ends 

The reactor 1 ^ ' " - " " ' ' ' ' ^ ' ' ^ - ' " *^^ ^ " ^ ^ "^^^^^^ 1°^^"°"-
xnitiallv cont ."^fv,""' ' ^ ' "reference geometry except for P-16, which 
i^tt two haU h"h r " " ' " . " ^ ' ° " ' ^ ^ ° ' '"^> - ^ " ^ ^h- '^-- less steel split 
^uton^uri ' , ' " ' " " ' ^' ^ ' ' ^ ^ ^""^^ reference as m the uranium and 
Plutonium removal experiment) 

, , , , "^^ mentioned previously, the loss of material is the total 
contents of the core and reflector drawers excluding changes in material 
associated with the drawers or spring gaps The sodium and associated 
stamless steel added are summarized in Table II B 3 and are distinguished 
by region to facilitate calculations. 

TABLE II.B 3. Composition of P-16 Matrix Position 
with Sodium Substituted 

Na 

SS 

Ha 

Reflector 

(g) 

580.2 

863 2 

If One 

Core 

(g) 

830 0 

1255 2 

Core 

(g) 

829.9 

1255.7 

Half Two 

Reflector 

(g) 

579 9 

856 4 

Total 

(g) 

2820.0 

4230.5 

The reactivity decreased from +41.19 to -721.89 Ih, making 
the reactivity worth of the interchange -763.08 Ih 

(iii) Radial and Axial Worth of Sodium. In this series of mea
surements, sodium cans were removed from selected positions within 
drawers to determine the axial dependence of sodium reactivity worth A 
measure of the radial dependence was obtained by removing sodium from 
the same drawer positions in an increasing number of drawers. Each time 
sodium was removed, the vacated positions were filled with stainless steel 
frames which simulate empty sodium cans. The material change is pri
marily the loss of sodium from the perturbed drawers with a small correc
tion for the stainless steel change. Except for the perturbed drawers the 
reactor loading was the reference geometry. 

(̂ ) Axial Sodium Worth. The perturbed region was a cen
tral 9-drawer array in both halves (i.e., 18 drawers) in which the sodium 
was removed from the drawers in three different (axial) lengths, 0 to 7 in 

The ^ T ' T'^u '° ' ^ '"•• '^"^ ^ " ° P°^iti°" being the reactor midplane ' 
the material changes and reactivity worths associated with each steo are 
summarized in Table II.B.4. ^ 
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TABLE n . B 4. Sodium Worths 

Axial 
Location 

of the 
Perturbation 

None 

0 to 7 in. 

0 to 17 in. 

7 to 17 in. 

0 to 7 in. 

Nunnber of 
Drawers 

Perturbed* 

Type 

0 

6 

6 

6 

22 

A Type A* 

0 

12 

12 

12 

20 

Material 
Removed (g) 

Sodium 

0 

519 0 
519.0 

1237.08 
1237.08 

718.08 
718.08 

1903.0 
865.0 

Sta inless 
Steel 

0 

795.72 
795.72 

1893.48 
1893.48 

1097.76 
1097.76 

2917.64 
1326.20 

Stainless 
Steel 

Added (g) 

0 

795.3 
795.3 

1934.6 
1934.6 

1139.39 
1139.39 

2916.10 
1325.50 

Reactivity 
(Ih) 

39.937 

49.049 

21.309 

15.051 

50.303 

Reactivity 
Change 

(Ih) 

0 

+9.112 

-18 .628 

-24 886 

*10 366 

A - - D r a w e r s in even-numbered matrix columns; A*- -Drawer8 in odd-numbered matrix coltimns. 

(b) Radial Sodium Worth. The perturbed region from 
which the sodium was removed was 0 to 7 in. in the axial direction as 
measured from the midplane. Measurements were made for a central 
9-drawer a r ray in both halves and for a central 21-drawer a r ray in both 
halves. The mater ia l changes and the reactivity associated with each 
step a re summarized in Table II.B.4. 

(iv) Fuel Compaction. The effect of fuel compaction was mea
sured by moving a 5-in. section of plutonium metal, depleted uranium, and 
ZPPR fuel from the 12- to 17-in. axial position in Drawer l -P -16 to the 
0- to 5-in. axial position, displacing sodium which was moved to fill the 
vacated position. 

The experiment involved a spatial rearrangement of ma
ter ia l with no net change in quantity, and wis done in one drawer, 1-P- 16, in 
Half I. Table II.B.5 summarizes the mater ia l that was moved in the drawer. 

TABLE n .B .5 . Fuel Compaction Experiment 

Material 
Length 

ZPPR Fuel 

Pu Metal 

Depleted U 

(P i ece 
, in.) 

(5) 

(3) 

(2) 

(3) 

(2) 

" ' P u 

(g) 

136.79 

99.085 

65.620 

""Pu 
(g) 

18 23 

4.746 

3.141 

" ' P u 
(g) 

2.36 

0.459 

0 2692 

' " P u 
(g) 

0.21 

0,0063 

0 00055 

"'u 
(g) 

380 54 

223 29 

147.86 

(g) 

0 84 

0 46 

0 31 

Na 

(g) 

Stainless 
Steel (g) 

52.318 

24 659 

16 789 

Al 
(g) 

1 1 6 

0 77 

Total Compacted 

Sodium Transferred . 
Two 5- in. Cans 

301.495 2 6 1 1 7 3 0882 0 2 1 6 8 5 751.69 I 61 

59 84 91.48 

The worth of the compaction was measured twice, and the 
average increase in reactivity was +125.39 Ih. 
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The reactor loading was one drawer less than the reference 
geometry. The worth of this one drawer 2 n 1 n v,, u ^ t„ h^ 
._ ,„ „ uidwei , <:.-u-iu, has been measured to be 
95.68 Ih. 

("'' Worths of B4C and Tantalum. The relative worths of B4C 
and tantalum were measured in the P-16 matrix location. The test region 
in the P-16 mat r ix location was I /2 by 2 by 36 in., excluding drawer ends. 
During the reference measurement , the test region was approximately half 
filled with s tainless steel. When the test region was occupied alternately 
by tantalum and B4C, the stainless steel was rearranged in the drawers so 
there was no net change in mater ia l other than B4C and tantalum. 

Table II.B.6 gives the mater ia l changes and the experimen
tal resu l t s . The reference geometry was the reactor loading. 

lABtE lt.B.6, 84C and Tantalum Worths 

Excess Reactivity Reactivity Change 
of Core Relative lo Void 

Test Region |||,| ,|^) 

Reference: Contained hall-height stainless steel 
which was rearranged lor measurements 

Ta. «32go( Ta consisting of 7Z pieces 

I/!<!<!in 
B4C: 1262 2 g at natural 84C consisting of 

96 pieces, 1/a x 1/2 x 3 in. 
10B • 13.67 w(o;llB . 63.31 wlOi 
C • a 0 2 wlo. 

(vi) Worth of Uranium and Plutonium in Position P-16. The 
worth of uranium and plutonium was measured in the P-16 matrix position. 
In the reference geometry, the loading of this position included two half-
height stainless steel columns in the l /8- in . -wide stainless steel location. 
In the worth measurement , one of the half-height columns was placed in the 
U3O8 position and empty sodium cans (8, 2, and 7 in. in length) were placed in 
the ZPPR-fuel and Pu + ^ '̂U positions. The net mater ia l change consisted of 
(a) a loss of all the depleted uranium metal, UjOg, plutonium metal, ZPPR 
fuel, and the stainless steel associated with the plutonium metal and ZPPR 
fuel cans, and (b) a gain in the stainless steel contained in the empty sodium 
cans. This change was made in the core drawers in both halves of the P-16 
matr ix location. The reactor loading was the reference geometry. 

Table II.B.7 summarizes the mater ia l changes and the mea
sured react ivi t ies . The net worth of this change was -752.47 Ih. 

TABLE It 6,7, Uranium and Plutonium Worth Experiment 

Stainless Excess 
23»pu,2dlpu 2 « p „ , 2 C p u 235u 238u M„ o Steeia Reactivity 

Igl Igl (gl Igl Igi Igi Igl ith) 

Relerence Case 2076,34 
IMateriat to be removedl 

Perturbed Case 0 
(Material addedl 

astainless Steel Analysis. 73,4* Fe, 17% Cr, 8,4* Ni, 0 75* Mn, and 0.45* Si ij^ weight 

b. Doppler Experiments. Measurements of the Doppler effect in 
uranium were initiated during this reporting period and are continuing. 

179,56 

0 

12.83 

0 

5978,0 

0 

94.48 

0 

1U.S6 

0 

627.75 

650 Z4 
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5. ZPR-6 and -9 Operations and Analysis 

a. Integral Studies of Large Systems (W. Y. Kato) 

Last Reported: ANL-7427, pp. 12-16 (Feb 1968). 

(i) ZPR-6. The central reactivity worths of various 2 x 2 x 
1-in. samples were measured in the 4000-liter oxide core. Assembly 6 of 
ZPR-6. These samples were measured by the period method relative to 
void. A reference run (void) was made before and after each measurement 
of the sample worth. Table II.B.8 shows the resul ts . The uncertainties in 
the measured values are based on the differences in the "before and after" 
reference runs and on the propagation of e r r o r s . 

TABLE II.B.8. Central Raclivity Worths In Assembly 6 ol ZPR-6 

Sample 

Inconel X 

n 
SS Can 
UO? 

c 
Be 
Cr 
84C 
Nb 
ICH2I 
Mo 
Depleted U 
Zn 
Zr 
M 
Na 
W 
V 
Mn 
Fe 
TaO 
Al Block 
fe203 
SS Block 
ZrH 
Li 
Al Can 
10B 

Eu Oxide 
Hf 

Wt ol Sample 
Igl 

507.0 
W.42 
72.607 

106.5 
103.0 
114.308 
220.73 
59.62 

481.2 
58.986 

599.0 
1153.58 
414.2 
406.0 
546.0 
51.38 

1052.0 
183.67 
209.58 
488.0 
101.144 
165.33 
296.4 
480.9 
107.01 
28.60 
26.2098 
29.29 
34.0 

806.0 

Can^ Type 

Bare 
SS 

Bare 
Al 

Bare 
Bare 
SS 
SS 
SS 

Bare 
Bare 
Bare 
SS 

Bare 
Bare 
SS 

Bare 
SS 
SS 

Bare 
SS 

Bare 
Bare 
Bare 
Al 
SS 

Bare 
SS 
Al 

Bare 

Can Wt 
Igl 

-
56.88 

-20.1 

-56.30 
64.70 
30.10 

-

26.3 

56.42 

55.30 
55.92 

-71.645 

-
-

26.874 
56.72 

-55.73 
20.4 

-

Gross Sample Worth 
llhl 

-0 785 
-0.040 
-0.084 
-0.337 
•0.366 
• 1.304 
-0.287 
-6.443 
-3.560 

• 12.324 
-3115 
•3.764 
-1.040 
-0.443 
-0.832 
-0,052 
•5.095 
-0.161 
-0.545 
-0.450 
-1.689 
-0.122 
-0.106 
-0.530 
•2.638 
-0582 
-0.026 

t 0.018 
t 0.012 
1 0.005 
t 0.013 
1 0.001 
1 0.003 
t 0.006 
t 0.010 
1 0.008 
± 0.003 
t 0.021 
1 0.003 
1 0.006 
t 0.007 
t O008 
1 0.006 
1 o.tpi 
t 0.003 
1 0.003 
t 0.004 
t 0.013 
t 0.010 
t 0.M3 
1 0.X3 
t O.0O4 
t 0.007 
1 O004 

-23.272 i 0.011 
-2.673 t 0.013 
-8.931 ± 0.017 

Net Sample Worth 
llhl 

-0.785 1 0.013 
•0.026 1 O013 
-0.084 t 0.1X15 
-0.317 t O014 
•0.366 t O.Wl 
•1.304 t 0.003 
-0.222 1 0.008 
-6.368 t 0.011 
-3.525 t 0.009 

•12.324 t 0.003 
•3.115 t 0.021 
•3.764 1 0.003 
•1.010 1 0.0O8 
•0.443 i 0.X7 
-0.832 1 O.0O8 
•0.013 1 0.008 
-5.095 1 0 « 1 
-0.097 t O006 
-0.481 1 O006 
-0.450 1 0.004 
-1.607 1 0.014 
-0.122 t 0.010 
-0.106 1 0 X 3 
-0.530 1 0.W3 

->2.664 t 0.006 
-0.517 t O009 
-0.026 1 0.006 

-23.208 1 0.012 
-2.653 t 0.014 
-8.931 t 0.017 

SpecKk Sample Worth 
llhAgi 

-1.548 t 0.026 
•0.288 1 0.181 
-1.157 t 0.069 
-2.977 t 0131 
•3.553 1 0010 

•11.408 1 0.026 
-1.006 1 0.036 

-106.810 t 0.185 
-7.325 1 0.019 

•208.927 t 0.051 
-5.200 I 0.035 
-3.263 t 0.003 
-2.438 1 0.019 
-1.091 t 0.017 
-1.524 1 0.015 
•0.253 1 0 156 
-4.843 t 0.001 
-0.528 1 0.033 
-2295 t 0.029 
-0.922 1 0.008 

-15889 » 0 139 
-0.738 t 0.061 
-0.358 1 0.010 
-1 102 1 0.0O6 

•24.874 t 0.056 
•18.077 1 0.315 
-0 992 1 0.229 

-792.352 1 0.410 
•78.029 t 0.412 
•11.081 i 0.021 

^Some samples were canned In either stainless steel or aluminum cans. 

The reactivity effect of having ' " U plates next to ''*U plates 
was tested in the following manner: 

1. The reactivity worth of 16 (2 x 2 x 0.004-in.) ^̂ *U foils 
was measured at the center of the core in a cavity with a volume of 2 x 2 x 
2 in. These foils were equivalent to the l / l 6 - i n . plate of U used in the 
core . 



Z. The r e a c t i v i t y w o r t h of 25 (2 x 2 x 0 005- in . ) "*U foi ls 
w a s m e a s u r e d in a s i m i l a r m a n n e r . T h e s e foils w e r e equ iva len t to the 
I / 8 - i n . U p l a t e u s e d in the c o r e . 

3. The r e a c t i v i t y wor th of the 25 "»U foils s t a c k e d on 
top of the 16 U foils was m e a s u r e d t o g e t h e r . 

4. The 16 "^U foils w e r e sandwiched among the 25 ^^'U 
fo i l s , and the w o r t h of the whole packe t was m e a s u r e d . 

T a b l e I I .B .9 shows t h e s e r e s u l t s . Also inc luded in Tab le I I .B.9 a r e the 
w o r t h s of p l u t o n i u m s a m p l e s as a funct ion of s a m p l e t h i c k n e s s . 

TABLE II.B.9. Central Reaclivity VVorlhs ol Uranium and Plutonium in Assembly 6 ol ZPR.6 

Sample Description 

Depleted Uraniuma 

25l2x2»0.0O5- ln. l lo i ls 

Enriched Uranium'^ 

16 I2x2 i0 .0045- in , l lolls 

Enriched and Depleted Uranium 

25 238u foils on top of 16 235u foils 

16 ^ U foils sandwiched among 
25 238u lolls 

Plutonium'^ 

2 X 2 X 0015 in. 

2 X 2 X 0.020 in. 

2 X 2 X 0.050 in. 

2 X 2 X 0.080 in. 

2 X 2 X 0.200 in. 

Satnple Wt 
Igl 

147.1234 

76.634 

223 757 

223.757 

11.25 

22.60 

35.00 

57.57 

151.16 

Can Type 

Bare 

Bare 

Bare 

Bare 

SS 

SS 

SS 

SS 

SS 

Can Wt 
191 

-

-

-
-

18.39 

18.48 

18.56 

18.56 

25.17 

Gross 
Sample Worth 

l l h l 

-0.5136 ± 0.002 

•2.960 

•2.486 

•2.478 

•0.458 

•0.998 

•1.597 

•2.722 

•7.569 

i 0.001 

± 0.006 

1 0.003 

1 0.003 

1 0.002 

t 0.001 

±0.001 

10.008 

Net 
Sample Worth 

l l h l 

-0.5136 t 0.002 

•2.960 

•2.486 

•2.478 

•0.480 

•1.020 

•1.619 

•2.744 

•7.599 

1 0.001 

1 0.006 

± 0.003 

± 0.003 

1 0.003 

10.003 

±0002 

1 0.0O8 

Specific 
Sample Worth 

l l h l 

-3.491 t 0.017 

•38-625 ± 0.004 

-
-

•42.667 1 0.267 

•45.133 ± 0.133 

•46.257 ± 0.086 

•47.664 1 0.052 

•50.271 ± 0.053 

a0.21 w/o 235u 
693.13 w/o 235tj 
•:72.24 w/o 239pi,. 22.28 w/o 240pu, 4.63 w/o 241Pu. 

The r e a c t i v i t y w o r t h s of ^̂  
m e a s u r e d as a funct ion of s a m p l e s i ze by the o s c i l l a t i o n t e c h n i q u e . The 
a c c u r a c y of t h i s t echn ique is qu i te dependent on the knowledge of the dif
f e r e n t i a l w o r t h of the a u t o r o d . The da ta on the c a l i b r a t i o n of the au to rod 
as wel l as the w o r t h s of the m a t e r i a l s a r e being ana lyzed . 

b. Dopple r Effect (C. E. Til l ) 

L a s t R e p o r t e d : ANL-7419 , p. 15 ( Jan 1968). 

In o r d e r to extend the t e m p e r a t u r e r ange over which D o p p l e r -
effect m e a s u r e m e n t s can be m a d e , effort Iras been d i r e c t e d t o w a r d the d e 
v e l o p m e n t of a Dopp le r e l e m e n t that can ach ieve v e r y high t e m p e r a t u r e s . 
The d e s i g n that has g iven the bes t r e s u l t s u s e s g r a p h i t e for the h e a t e r . 
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sample container, and supporting pieces. Beryllia insulators are used to 
support the graphite heater. The high-temperature element can use samples 
up to 12 in. long and 0.860 in. in diameter . 

Measurements were made in ZPR-9 with this element and r e 
sults were obtained from room temperature to approximately 2000"'K, thus 
effectively doubling the temperature range of the Doppler measurements 
at ANL. 

The measurements were made in Assembly 23, which is almost 
identical to Assembly 19. a uranium oxide-zoned core described in P rog re s s 
Report for November 1967, ANL-7399, pp. 30-31. Assemblies 19 and 23 
were designed to have central real and adjoint spectra typical of a large, 
dilute, U-fueled oxide core. Based on the resul ts of the sample environ
ment studies reported in ANL-7419, a l /4- in . stainless steel filter was 
loaded into the eight core drawers surrounding the central drawer occupied 
by the Doppler oscil lator. This gave a total stainless steel radial thickness 
of approximately 1/2 in. between the sample and the core. The radial 
thickness of carbon surrounding the sample was 0.16 in. 

The Doppler oscillator in ZPR-9 was nnodified to provide the 
additional cooling required by the high-temperature element. The counter-
flow type of air cooling system has been found to give adequate cooling for 
up to 4 kW of heater power. 

The modified Doppler oscillator has no dummy-sample position, 
and balancing between "sample in" and "sample out" is obtained by means 
of a newly installed shim rod with position reproducibility of ±0.001 in. 
This small uncertainty in the position of the *him rod results in an uncer
tainty in reactivity of ±0.0015 Ih. The observed standard deviations for a 
set of at least five measurements at a given temperature varied from a 
minimum of 0.0015 Ih to a maximum of 0.025 Ih. The source of the poorer 
precision was isolated and will be eliminated. 

The Doppler effect was measured for the following mater ia ls 
during this se r ies of runs: UOj (natural uranium), tungsten, molybdenum, 
rhenium, and tantalum. 

The chemical reaction that occurs between carbon and UOj at 
high tempera tures has been observed in the form of a deterioration of the 
vacuum in the Doppler capsule beginning at about 1400°C and becoming 
progress ively worse at higher t empera tures . Analysis of residual gas 
showed the presence of CO. To eliminate this problem, a 0.002-in.-thick 
tantalum liner was used between the graphite sample container and the 
samples . An additional measurement was made to determine the Doppler 
effect of the empty capsule (with l iner). 
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The analysis of the measurements is not yet complete; however, 
pre l i rmnary resul t s indicate good agreement between the data obtained for 
A. ui ' ^ ; "'^.^^^^^gh-temperature element and those obtained ear l ie r in 
Assembly 19 with the standard ANL freely expanding Doppler element. 

°^ "^^ '•^^'•^'^to'-y metals , tantalum showed the largest t empera
ture coefficient, with a change in worth of over 3 Ih/kg from 300 to 2100°K. 
Listed in order of decreasing Doppler effect per kilogram, the mater ia l s 
fall in this order : tantalum, rhenium, "»U, molybdenum, and tungsten. 
Before final resu l t s are available a number of corrections must be consid
ered, including expansion correct ions and accurate determination of average 
sample t empera tu re . 

^- ZPPR Operations and Analysis (W, G. Davey and P. I. Amundson) 

Last Reported: ANL-7427, pp. 17-20 (Feb 1968). 

^' Basic Studies of Large Plutonium Systems 

(i) P rog ram. Detail design work for the ZPPR Core I continues. 
The scope has been increased to evaluate the relationships between possible 
al ternat ive detail designs and mater ia l utilization for Cores 1, 2, and 3. 

(") Experimental Equipment. The development of major 
r eac to r - a s soc i a t ed experimental devices continues. The status of the de
velopment effort is as follows: 

The design of the perturbation sample changer is complete. 
Detailed drawings have been completed and checked. The bid package is 
being reviewed and will be submitted to Purchasing shortly. 

The per turbat ion-sample specifications have been estab
lished. Potential mater ia l suppliers have been identified. The perturbation-
sample containers and t r ave r se holders have been designed and approved. 

The design of the axial t r ave r se drive system has been 
completed and detailed drawings are 80% complete. 

Of the two design options established for the ax ia l - t raverse 
sample changer, the most feasible design has been selected. Design work 
is underway. 

Fabricat ion work continues on the autorod system. 

A remote communications" system for the ZPPR cell has 
been tested. The necessary components for the system have been ordered. 
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b. Doppler Coefficients. The detail and assembly drawings have 
been compiled for the entire system, except for minor detailing which 
will depend on the actual dimensions of commercial ly supplied components. 
Additional o rders have been placed for components which could be specified 
before approval of the final design. 

A bid on the motor-dr ive system has been received from one of 
the manufacturers . Additional information has been supplied to a second 
bidder, and the bid will be received shortly. Choice of the drive will be 
made as soon as a second bid is received. 

Several components have already been received and construction 
of the Doppler system will begin as soon as the final design is checked and 
approved. 

The RABBLE Prog ram has been studied relative to ZPPR 
Doppler measurements . Initial work with the code will be coordinated with 
the Theoretical Support Group and will entail a study of the Doppler mea
surements on ZPR-3 Assembly 51. 

c. Sodium Coefficients. Developmental work on the axial sample-
drive mechanism continues. A sample-changer concept has been established 
and design work has been started. These equipment items are multipurpose 
and have been covered in Sect. II.B.6.a(ii). 

Gross sodium-void techniques used with ZPR-3 , -6, and -9 are 
being studied relative to their applicability to study of the large systems 
to be constructed in ZPPR. 

* 
d. Reactor Technique Development 

(i) Precis ion Reactivity Measurements . An experiment has 
been run with ZPR-3 Assembly 51 to determine the effect of detector 
efficiency and power level on the accuracy of autorod-position determina
tions. The power level was varied from 80 to 0.2 W. and five detectors 
were used with efficiencies varying from about 10" to about 5 x 10" . 
P re l iminary analysis of the results indicates that the e r r o r var ies in the 
expected manner, remaining constant at high efficiencies and increasing 
rapidly for very low efficiencies. The data obtained will be used to opti
mize the detectors on ZPPR. 

(ii) Doppler Balance Code. Corrections to the tes t -case input 
data indicate that the computer program which will predict the preferred 
Doppler-rod loading for minimum reactivity swing is working correct ly. 
The Doppler-rod loadings for ZPR-3 Assembly 51 and the measured reactor 
responses have been obtained. These data will be analyzed to establish 
further the validity of the balance code. 
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c o u n t i n . rn j ' ' ' ^ F o i l T e c h n i q u e s . Spec i f i ca t ion of equ ipmen t for the Z P P R 
coun t ing r o o m is c o m p l e t e . The p u r c h a s e of = • l - j -
VfaHo,- it = ,^ 11 u p u r c t i a s e of equ ipmen t is p r o c e e d i n g . 
M a j o r I t e m s wi l l be s en t out s h o r t l y for bid. 

t ^ , , , , , ^ Ac t i va t i on a n a l y s i s w o r k on »^U and "«U h a s b e e n e s s e n 
t i a l l y c o m p l e t e d . A c q u i s i t i o n of thin » ' P u and »^U foils h a s b e e n i n i t i a t e d . 

,. , . ^ '^ ' '^ e x p e r i m e n t a l t echn ique deve lopmen t for th i s effort i s 
d i s c u s s e d in Sec t . I I .B .2 . 

(^"^ A u t o m a t i o n of Data Acqu i s i t i on . T h i s p r o g r a m c o v e r s 
w o r k on c o n t r o l and r e a d o u t e q u i p m e n t for the e x p e r i m e n t s on Z P P R tha t 
n e c e s s i t a t e a u t o m a t i o n . 

(a) Dig i t a l P o s i t i o n I n d i c a t o r s . D e v e l o p m e n t and t e s t ing 
of the logic c i r c u i t s has b e e n c o m p l e t e d . C o m p l e t i o n of the p ro to type wil l 
fol low d e l i v e r y of spec i f i ed p r i n t e d c i r c u i t b o a r d s . 

(b) Dig i ta l M u l t i p l e x e r . The Dig i ta l M u l t i p l e x e r wi l l 
s a m p l e p o s i t i o n i n f o r m a t i o n f r o m a l l d e v i c e s us ing shaft e n c o d e r s , such 
as c o n t r o l r od and a u t o r o d . D e v e l o p m e n t and t e s t i n g of the logic c i r c u i t s 
i s in p r o g r e s s . 

(c) A u t o r o d C o n t r o l . C o n s t r u c t i o n of the a u t o r o d - c o n t r o l 
s y s t e m has b e e n i n i t i a t ed . P r o c u r e m e n t i s c o m p l e t e excep t for the 
c o n s t a n t - t e m p e r a t u r e c o m p o n e n t oven . It is p l anned to u t i l i z e the D o n n e r -
3500 ana log c o m p u t e r a s a r e a c t o r s i m u l a t o r to ver i fy the c a l c u l a t e d 
s t a b i l i t y of the f in i shed e q u i p m e n t . 

(d) Data Acqu i s i t i on and R e c o r d i n g S y s t e m , Bids have 
b e e n r e c e i v e d f r o m five v e n d o r s . The two low b i d d e r s have been con tac ted 
for c l a r i f i c a t i o n of c e r t a i n d e t a i l s . 

(v) T r a i n i n g . The t e c h n i c i a n - t r a i n i n g c o u r s e has c o m m e n c e d . 
In i t i a l s e s s i o n s i n d i c a t e tha t the d e s i r e d c o u r s e s t r u c t u r e and t each ing 
l e v e l have been a c h i e v e d . The c o u r s e is i n t e n s i v e and c o v e r s 92 s e s s i o n s 
of s c h e d u l e d i n s t r u c t i o n inc lud ing l e c t u r e s , p r o b l e m s e s s i o n s , s u p p l e m e n t a r y 
f i l m s , d e m o n s t r a t i o n s , r e v i e w s , and e x a m i n a t i o n s . 

The in i t i a l p o r t i o n of the r e a c t o r t echno logy t r a i n i n g c o u r s e 
wi l l be c o m p l e t e d th i s mon th . S y s t e m t r a i n i n g s e s s i o n s a r e now be ing 
f o r m u l a t e d . They wi l l follow the r e a c t o r t echno logy c o u r s e . 

^- Z P P R C o n s t r u c t i o n (H. L a w r o s k i ) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , pp, 16-17 ( F e b 1968). 

Bene f i c i a l occupancy of the mound a r e a was ob ta ined by ANL on 
F e b r u a r y 2 1 , and i n s t a l l a t i o n of the Z P P R r e a c t o r c o m p o n e n t s was s t a r t e d 
on F e b r u a r y 22. 



Full-load (180-ton) testing of the bed and tables was completed on 
March 7. Deflection measurements were made at loads of 0, 60, 120, and 
180 tons, and again at no load following the t es t s . A Brunson optical sys 
tem, capable of accuracies of 1 second of angle, was used to check against 
the bed-and-tables manufacturer ' s instruments which were electronic levels 
with accuracies of 1 part in 250,000. The resul ts of the two systems agreed 
within 0.001 in. Analysis of the measurements revealed that the areas of 
the table surfaces where the matr ix and the rod drives will be mounted are 
within ±0.002 in. of levelness. One area on the movable table near the rea r 
corner was a maximum of 0.004 in. high. This is not a cri t ical area , and 
no correct ive action is required. 

The t ransmiss ion, lubrication system, bal l -screw-and-nut assembly, 
electr ical system, emergency sc ram system, and position-indication system 
checked satisfactorily. 

Both sets of reactor knees were placed on the tables and aligned. A 
full complement of matr ix tubes was stacked between the knees of both 
halves, and the tie-down beams were installed. The purpose of this p re 
liminary stacking of the tubes was to check the tie-down system and the 
alignment of the tubes between the two halves. 

During the clamping of the matrix, movement of the front edges of 
the tubes with respect to a vertical plane was measured. The tubes were 
not anchored, and no attempt was made to res t r ic t their movement. By 
varying the clamping procedure, i.e., moving the knees in first and then 
clamping down with the tie-down beams, or clamping down the tie-down 
beams and moving the knees concurrently, the front edges of the tubes 
could be manipulated with respect to a ve r t i t a l plane. Development of a 
technique for loading the tubes and clamping the matrix to minimize deflec
tion during the final assembly with the alignment plates was then undertaken. 

The two platform-support T-beams were set and aligned in the load
ing platform pit. 

Approximately 40% of the electr ical work on the reactor control and 
instrumentation system has been completed. 

Wiring for the loading-tube drive mechanism was installed through 
the acces s - co r r ido r bulkheads. Modifications on the air compressors in 
the support wing were completed and checked out. Replacements for the 
relays in the suspect-exhaust and supply-air fans were installed. Ninety-
eight percent of the wiring in the cable t rays in the cable routing room 
has been run. 

The construction contractor replaced 13 uncertified fi l ters in the 
backup containment s t ructure . The replaced fil ters were inspected, and a 
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^:":::^i;^s::r?^:jr:^:^e:^":x^::v'r'-fT^^^^^::^i-
the support wing were also replaced ' ' ' ' " " ' ° ' ' ^ ' """""^ 

door n74 '!'i^^^^"'°'-y ''^^k test was performed on the bulkhead of seal 
door D74. The contractor continued attempting to obtain the required leak 
t ightness in the escape- tunnel- t ransi t ion connection. 

• •u Z^! " °^ '^'^ concrete storage bins for fuel were received and placed 
in the fuel storage vault. 

An ANL representat ive visited the manufacturer of fuel storage 
can i s te r s . Aluminum die casting of the canis ters , which are made in 
two par t s , has been completed; they are now being assembled and leak 
tested. Delivery of the canis ters was scheduled to start during the last 
week of March. 

The additional information requested by the AEC on the Final 
Safety Analysis Report was supplied. 

8- F F T F Crit ical Experiment P rog ram (D. Meneghetti) 

Last Reported: ANL-7427, pp. 23-25 (Feb 1968). 

^- Additional Studies of a Simple Method for Approximating 
Solutions of Axially Split Cylindrical Cores . In ANL-7427 a method is 
described by which a finite cylindrical reactor in coordinates r and z 
may be viewed as a finite slab reactor in coordinates x, y, and z. In 
both cases the leakage in the z direction is simulated by the usually DB^ 
fictitious leakage absorber . The slab problem, with composition varying 
as a function of x, is supplied with a chord buckling, B^(x), which forces 
(«̂ x) to be of the same form as the known cylindrical solution 0(r). The 
By(x) introduces a fictitious group-dependent leakage absorber or source 
at each point, which simulates the dilution or concentration of the neutron 
population in the circumferential direction as it diffuses outward or inward 
radially. 

The chord buckling in the reflector, B^2(x), of a reflected 
cylinder, considering only one group of neutrons, is 

where B^j(xi) is the chord buckling for this core evaluated at the core 
reflector interface at Xj; D, and D^ are the core and reflector diffusion 



constants, respectively; KQ and Kj are Bessel functions; R .̂ is the extrapo
lated ba re -co re radius. The quantities Xj, a, and R .̂ are related by the 
transcendental crit icali ty equation. Equation (1) shows that the chord 
buckling has a discontinuous jump in value at the core-ref lector interface. 
This jump, present in multigroup problems as well, results in continuity 
in the value of DBy(x) at the boundary. 

The multigroup formulation of this method requires that 

r0C dr (2) 

be true for each group, 
the radius. 

Here "t is the cylindrical solution and r is 

In a six-group test comparison using the MACH-1 diffusion 
code,* the kg££ of the reflected cylindrical core and its slab simulation 
agreed within 10" . The six-group fluxes agreed within less than one percent 
except very near the outer boundary. This agreement is as good as can 
be expected using 20 elementary slab regions. 

b. Effect of ^"Pu Alpha Values upon Reactivity of ZPR-3 Assem-
bly 51. Recent concern about the value of alpha of plutonium-239 has led 
to a calculated est imate of the reactivity effect upon Assembly 5 1 of in
creased alpha values in the energy range from 0.1 to about 25 keV. The 
increased alpha values for the multigroup c ross-sect ion groups in this 
range were roughly based upon the provisional data reported by Schomberg. 
Sowerby, and Evans.** The increased alpha values were assumed to affect 
the group cross sections through increase in the group capture cross 
sections for plutoniutTi-239. The ratios of the group alpha values based on 
the Schomberg data to those of cross-sect ion Set 29001 are compared in 
Table II.B.IO. The calculations resulted in a reactivity decrease of about 
-3.4% k upon use of the capture cross sections corresponding to the 
larger alpha values. 
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W Q S S E . group value ol a rouqhly tasfi) upon provivonti a 1* (MU ol Schombrrq H a ) " 

oy^ qnuf wilueol a corresponding lo group upture and liiuon cross sections in Set ZVOl 

*^i\2 upper energy is 24 B keV 

*Menelcy. D. A.. Kviiek, L. C , and O'Shea, D. M.. MACH-1. A One-dimensional Diffusion Theory 
Package. ANL-7223 (June 1966). 

**Schoniberg. M. G.. Sowerby, M. G., and Evans, F. W.. A New Method of Measuring Alpha (E) for 
Py239_ Symposium on the Physics and Safety Problems of Fast Reactors. Karlsruhe, German Federal 
Republic. Oct. 30-Nov. 3. 1967. Paper SM-101/41. 
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blv 51 S v s t e ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ i ^ ^ ^ ^ ^ i i ^ i i ^ i l ! J ! i l l L _ S N O r d e r for Z P R - 3 A s s e m -
a l d s p h e r e c ^ f ^ T ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ T ^ ^ ^ ' ^ ^ " - " ^ ^^^^' ^y^^^^er, 
d ^ n s ^ o n a . H . " " ' 7 '^^^ ' ^ " " ^ ^ ^'"''^' ^ - g ' he Argonne one -
d i m e n s i o n a l d i s c r e t e - o r d i n a t e t r a n s p o r t code SNARG-ID w e r e m a d e us ing 
S, S, and S. a p p r o x i m a t i o n s . The c o r e s had the c o m p o s i t i o n of A s s e m 
bly 51 . The s l a b c a s e had the a x i a l r e f l e c t o r of A s s e m b l y 51 . The cy
l i n d r i c a l c a s e had the r a d i a l r e f l e c t o r c o m p o s i t i o n of A s s e m b l y 51 . The 
s p h e r i c a l c a s e s w e r e c a r r i e d out with the r a d i a l r e f l e c t o r c o m p o s i t i o n and 
t h i c k n e s s , and ax ia l r e f l e c t o r c o m p o s i t i o n and t h i c k n e s s . T h e s e o n e -
d i m e n s i o n a l c a s e s w e r e c o m p a r e d with S,. S,. and Ŝ , a n a l y s e s us ing the 
R - Z g e o m e t r y of the A r g o n n e t w o - d i m e n s i o n a l d i s c r e t e - o r d i n a t e p r o g r a m 
SNARG-2D. The c o m p a r i s o n a r e shown in T a b l e I I . B . l l . 

TABLE II,B 11, Comparati»e variations ol k lor ZPR-3 Asseinbiy 51 »ilh S^ Apcro.tmatioris in Various Geortielries 

Two-tJitTiensional 
Calculation--

Cylindrical 

One-dimensional Calculations 

Spherical 

Radial Relleclor Axial Relleclor 
Cyl indrical -

Radial Relleclor 

klDTUklSjl 

kISzKklSjl 

klS4l/klS6l 

Slab--

Axial Relleclor 

1,007 

1,000 

0 « 0 

1010 

1001 

0987 

1013 

1,001 

OTO 

1001 

1,001 

0 999 

0 999 

1,000 

R e s u l t s i nd i ca t e tha t the s l a b - g e o m e t r y a s p e c t s in the axia l 
d i r e c t i o n would be a d e q u a t e l y c a l c u l a t e d by e i t h e r diffusion t h e o r y or S2, 
which a r e e s s e n t i a l l y equ iva l en t , in s l ab g e o m e t r y . The c y l i n d r i c a l -
g e o m e t r y a s p e c t s in the r a d i a l d i r e c t i o n would r e q u i r e S^. The two one-
d i m e n s i o n a l s p h e r i c a l r e s u l t s and a l s o the t w o - d i m e n s i o n a l cy l inde r 
r e s u l t s i n d i c a t e i n s t e a d that S4 is needed . The s i m u l a t o r y s p h e r i c a l c a s e s 
show tha t the c o r r e c t i o n f r o m Sj to S4 is about -1 .0% Ak/k , w h e r e a s the 
c y l i n d e r c o r r e c t i o n by t w o - d i m e n s i o n a l ca l cu l a t i on is about -0 .7% Ak/k. 

C. Componen t D e v e l o p m e n t - - L M F B R 

'• Sodium Techno logy D e v e l o p m e n t - - E n g i n e e r i n g Deve lopmen t 

a- Sodium Qual i ty M e a s u r e m e n t (S. B. Skladzien) 

L a s t R e p o r t e d : ANL-7427 , pp. 26-27 (Feb 1968). 

(i) I n - l i ne T e c h n i q u e s . Recen t l a r g e v a r i a t i o n s in the oxygen 
c o n c e n t r a t i o n of s o d i u m s a m p l e s t aken by our d i p - s a m p l i n g and v a c u u m -
d i s t iUa t ion p r o c e d u r e s (as much as 10 ppm at the 3 0 - p p m level) p r o m p t e d 
an i nves t i ga t i on of the a p p a r a t u s and a n a l y t i c a l method . The p o s s i b i l i t y of 
d i s t i l l ed s o d i u m fall ing or d r ipp ing f r o m the dip rod back into the s a m p l e 
cup, af ter the d i s t i l l a t ion , was c o r r e c t e d by r e f o r m i n g the rod. 

After a n a l y s i s of the a rgon supply ind ica ted high m o i s t u r e 
and oxygen content , and no leaks w e r e de tec t ed in the supply l ine, the supply 
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bottle was replaced with ultrahigh-purity agron; when the supply p re s su re 
regulator was removed, evidence of moisture was found on the high-
p res su re side that could only have come from the original supply bottle. 
Since the change in gas supply, analyses of four sodium samples show a 
maximum variation of 1.2 ppm oxygen at the 30-ppm level. 

All recent sodium samples were taken by the dip method, 
so that consistent resul ts could be achieved, and all questionable sampling 
and analytical procedures or problems could be corrected. This is expected 
to allow accurate correlat ion of line sampling with the dip method. 

A new data-acquistion system was installed to improve 
accuracy and speed tabulation of the more important data from the sodium 
analytical loop. The unit is very versat i le because it can be programmed 
for various ranges of ac and dc voltages and resis tance. 

2. Reactor Mechanisms Development--Materials Evaluation 

a. Sodium Effects on Wear Proper t ies of Materials (E. S. Sowa) 

Last Reported: ANL-7427, pp. 28-29 (Feb 1968). 

Additional wear tests of Clarite vee blocks in sodium and 
argon atmospheres with the Falex test machines were terminated after a 
sticking relay during startup caused the argon-atmosphere samples to be 
overheated to 1500°F. New blocks have been loaded into vacuum, argon, 
and sodium rigs for a new ser ies of tes ts . 

Continued operation of the CAMEL loop permitted minor 
circuit difficulties to be eliminated. The potential-drop interlock circuit 
across the main electromagnetic pump performed excellently, except that 
setting varied with operating time as wetting of the pump wall developed. 
The pump was calibrated after the wetting stabilized at 600°F; it will be 
calibrated further at higher tempera tures . 

To establish a basis for later mater ia l balances, samples of 
the as - rece ived piping for the CAMEL loop were analyzed chemically and 
metallurgically, and the sodium was analyzed chemically prior to charging. 
Also, calibration curves were made for the p ressure t ransducers at room 
tempera ture . Similar data will be taken for higher tempera tures and with 
progress ive time lapse to establish the performance charac ter i s t ics of 
the t r ansducers . 

A modified bypass sampler has been designed for the loop so 
that 2.5-cm^ specimens of sodium can be obtained periodically for analysis. 
To decrease the time for equilibration, the sodium will flow from an upper 
isolation chamber down to the sampling cup by passing through an annular 
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j e t n o z z l e tha t wi l l c a u s e t u r b u l e n c e n e a r fh^ ., A ,^ i fv,,. 
. , ^ . , , u iuu ic i i ce n e a r the cup wa l l . Af ter v a l v e s m the 
in le t and ou t le t l i n e s a r e c l o s e d to t ra r , tu^ „ j - • , , , i. 
., ,. i-iuseu IO t r a p the s o d i u m in the cup and c h a m b e r , 
the s o d i u m wi l l f r e e z e r a p i d l y . With the sod ium sol id , the c h a m b e r and 
cup wi l l be r e m o v e d f r o m the l ine by d i sconnec t ing a C o n o s e a l f i t t ing and 
s h e a r i n g the s o d i u m at the jo in t . After they a r e t r a n s f e r r e d to a g lovebox , 
the c h a m b e r and cup wi l l be s e p a r a t e d by d i sconnec t ing a s i m i l a r f i t t ing 
tha t j o in s t h e m . 

b- I n t e r m e d i a t e Range N e u t r o n Moni to r (G. F . P o p p e r ) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , p . 30 ( F e b 1968). 

(i) D e t e c t o r s . The W e s t i n g h o u s e WX-31 353 -25 h i g h - t e m p e r a t u r e 
c a b l e s have not been r e c e i v e d b e c a u s e of m i n o r f a b r i c a t i o n p r o b l e m s . 

A s a m p l e of Bos ton I n s u l a t e d Wi re Co. B o s t r a d d e t e c t o r 
e x t e n d e r c o a x i a l cab le has been ob ta ined . T h i s c a b l e , which is equ iva len t 
to an RG-149U n o r m a l coax, is r a t e d at 1500°F, 1 x lO'^ r a d s , and 1 x 1 0 " n v t . 
It h a s a 7 5 - o h m n o m i n a l i m p e d a n c e and l e s s than 25 pf/f t . The cab le wi l l be 
t e s t e d with the WX-4036 f i s s i o n c o u n t e r up to 850°F. 

The ~15-ft c a b l e s on the d e t e c t o r s f r o m LASL a r e too sho r t 
to be used in the E B R - I I modi f ied " O " t h i m b l e . The o r i g i n a l m a n u f a c t u r e r s 
have b e e n a s k e d to e s t i m a t e the cos t and t i m e r e q u i r e d to r e p l a c e t h e s e 
c a b l e s with new 28-ft t r i a x i a l c a b l e s . 

(ii) C i r c u i t s . The EG&G M o d e l - R M 8 1 1 n e u t r o n m o n i t o r will 
be used with a Hewle t t P a c k a r d Model 5554A c h a r g e - s e n s i t i v e p r e a m p l i f i e r , 
a Ke i th ley M o d e l - 4 1 0 C p i c o a m m e t e r , and a P o w e r Des igns Mode l -2K10 
p o w e r supply to t e s t the f i s s i o n c o u n t e r s . 

The s e l e c t e d c h a r g e - s e n s i t i v e p r e a m p l i f i e r is a l o w - n o i s e 
g e n e r a l - p u r p o s e i n s t r u m e n t for u s e with n u c l e a r d e t e c t o r s . No i se is 
i nev i t ab le in any d e t e c t o r - a m p l i f i e r s y s t e m . In a c h a r g e - s e n s i t i v e p r e 
a m p l i f i e r , no i s e is s t r o n g l y a funct ion of input c a p a c i t a n c e . Th i s c a p a c i 
t a n c e i nc ludes the d e t e c t o r , the c a b l e , and the c o n n e c t o r s . As the c a p a c i t a n c e 
i n c r e a s e s so does the s y s t e m n o i s e . Up to 2000 pf of c a p a c i t a n c e have been 
added to the p r e a m p l i f i e r input; the s y s t e m n o i s e r e m a i n s wel l be low the 
a lpha t h r e s h o l d . With th i s p r e a m p l i f i e r , e x c e l l e n t o v e r a l l s y s t e m p e r f o r 
m a n c e has been ach i eved . R o o m - t e m p e r a t u r e a lpha and n e u t r o n i n t e g r a l 
b ias c u r v e s have b e e n ob ta ined with the WX-4036 d e t e c t o r us ing low-
t e m p e r a t u r e RG-71U cab le to connec t it to the p r e a m p l i f i e r . 

Until the p r e a m p l i f i e r is r e c e i v e d (which m a y t ake s ix w e e k s ) , 
we plan to cont inue s y s t e m t e s t s with a d e m o n s t r a t i o n m o d e l . 
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P r e l i m i n a r y d i s c u s s i o n s w e r e he ld with M i l l e t r o n on the 
w i d e - r a n g e m o n i t o r s y s t e m . S y s t e m d e s i g n s a r e being deve loped ; the 
e s t i m a t e d d e l i v e r y d a t e i s m i d - J u n e . 

c. F u e l P i n T h e r m o c o u p l e D e v e l o p m e n t (A. E. Knox) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , p . 31 ( F e b 1968). 

(i) E l e c t r i c a l I n s u l a t o r s . S i n g l e - c r y s t a l a l u m i n a is be ing 
t e s t e d . H a r d - f i r e d , 99.5% p u r e b e r y l l i a i n s u l a t o r s have been r e c e i v e d and 
wi l l be t e s t e d a f t e r the s p e c t r o c h e m i c a l a n a l y s i s is r e c e i v e d . 

(ii) M a t e r i a l s C o m p a t i b i l i t y . The t h i r d t a n t a l u m - U O j c o m 
pa t ib i l i t y s a m p l e , T U - 3 , e v i d e n c e d a leak af ter 63 hr of o p e r a t i o n at 2400°C, 
so the e x p e r i m e n t was t e r m i n a t e d . E x a m i n a t i o n r e v e a l e d that the leak was 
in a t a n t a l u m s u p p o r t tube and not in the t a n t a l u m - U O j r eg i o n of the c a p s u l e . 
The s u p p o r t tube and the c a p s u l e a r e be ing e x a m i n e d m e t a l l o g r a p h i c a l l y . 

(i i i) O u t - o f - p i l e T e s t s . The f a i l u r e of t h e r m o c o u p l e s T T C 5 and 
T T C 6 is be ing i n v e s t i g a t e d by s p e c t r o c h e m i c a l and X - r a y d i f f rac t ion 
a n a l y s e s . 

d. F i s s i o n G a s P r e s s u r e T r a n s d u c e r D e v e l o p m e n t (J . R. F o l k r o d ) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , pp. 31-32 ( F e b 1968). 

(i) S t r a i n - g a u g e S y s t e m . The S t a t h a m P A - 8 1 2 t h i n - f i l m 
s t r a i n - g a u g e p r e s s u r e t r a n s d u c e r has been r e p a i r e d by the v e n d o r so tha t 
it wi l l m e a s u r e a b s o l u t e i n s t e a d of gauge p ^ s s u r e . In r o o m - t e m p e r a t u r e 
p r e t e s t c h e c k s , the c o m b i n e d effect of l i n e a r i t y and h y s t e r s i s was l e s s 
than ± 1% of f u l l - s c a l e output . The t r a n s d u c e r has been t e s t e d s u c c e s s f u l l y 
to 250°C; the m a x i m u m u n c o r r e c t e d e r r o r was l e s s than -6% of full s c a l e . 
When the output w a s c o r r e c t e d for z e r o shift , the l a r g e s t e r r o r w a s - 3 % of 
full s c a l e . The s e n s i t i v i t y and z e r o shift at v a r i o u s t e m p e r a t u r e s a r e : 

T e m p e r a t u r e 
(°C) 

23 
75 

105 
150 
200 
2 50 

Sens i t i v i t y 
( m V / p s i a ) 

0.2482 
0.2450 
0.2433 
0.2441 
0.2444 
0.2480 

Z e r o Shift 
(mV) 

0.00 
-0 .57 
- 0 . 6 5 
- 0 . 6 4 
- 0 . 5 8 
- 0 . 6 1 

T h i s unit wi l l be t e s t e d f u r t h e r to d e t e r m i n e i t s m a x i m u m r e l i a b l e o p e r a t 

ing t e m p e r a t u r e . 
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("* N u l l - b a l a n c e S y s t e m . The t r a n s d u c e r a s s e m b l e d f r o m a 
body (bui l t by M e t a l Be l l ows C o r p . ) , a p r o b e , and a s top h a s b e e n t e s t e d 
for one m o n t h at 900' 'F and up to 80 p s i g . After t h r e e w e e k s , an a b r u p t 
(ove rn igh t ) change o c c u r r e d in the con tac t e l e c t r i c a l r e s i s t a n c e . Good 
con tac t h a s b e c o m e m o r e diff icult ; when the s i m u l a t e d f i s s i o n - g a s p r e s 
s u r e i s i n c r e a s e d , t he con tac t r e s i s t a n c e does not d e c r e a s e to as low a 
l eve l as b e f o r e , r e s u l t i n g m a z e r o shift in the c a l i b r a t i o n c u r v e tha t is 
4 .5 ps ig l o w e r than that of an e a r l i e r c a l i b r a t i o n c u r v e . (A c a l i b r a t i o n c u r v e 
b a s e d on r e f e r e n c e - g a s p r e s s u r e v e r s u s s i m u l a t e d - f i s s i o n - g a s p r e s s u r e is 
m a d e week ly . ) If the new c u r v e is r e p r o d u c e d m fu ture c a l i b r a t i o n s , i n s t r u 
men t a c c u r a c y wi l l be i l / 4 p s i g . 

The change in con tac t r e s i s t a n c e m a k e s the i n s t r u m e n t a t i o n 
s l ugg i sh . H o w e v e r , good r e a d o u t can be a c h i e v e d if the o p e r a t o r m a k e s 
the i n s t r u m e n t m o r e s e n s i t i v e , c a u s e s it to hunt for a t i m e , and then 
d e s e n s i t i z e s it. 

A t h i r d t r a n s d u c e r has been a s s e m b l e d for an e x p e r i m e n t 
in the C P - 5 r e a c t o r It wi l l m e a s u r e the f i s s i o n - g a s p r e s s u r e g e n e r a t e d in 
a fuel pin dur ing i r r a d i a t i o n . 

e. Signal L e a d C o n n e c t o r s for Sod ium S e r v i c e (A P Grunwald) 

L a s t R e p o r t e d A N L - 7 4 2 7 , pp. 34 -35 ( F e b 1968). 

(i) T e s t of E l e c t r i c a l C o n n e c t o r s m a S o d i u m - v a p o r A t m o s p h e r e . 
It h a s b e e n found that the s o d i u m - i i i l e d lower p o r t i o n of the t e s t a s s e m b l y 
was 45'^F h o t t e r than the c o n n e c t o r - m o u n t e d top b e c a u s e the lower p o r t i o n 
was m o r e e x p o s e d to the fu rnace h e a t e r . By t h e r m a l l y sh i e ld ing th i s sec t ion 
f r o m the h e a t e r s , we have d e m o n s t r a t e d that the t e m p e r a t u r e d i f fe rence can 
be c o n t r o l l e d as d e s i r e d m fu tu re t e s t s 

When the top of the t e s t a s s e m b l y was s awed off so the 
c o n n e c t o r i n t e r i o r could be i n s p e c t e d , an e x t e n s i v e depos i t of s o d i u m was 
seen at the b a s e of the p i n s . Th i s s o d i u m depos i t had c a u s e d the p ins to 
s h o r t dur ing the t e s t . To l e a r n w h e t h e r such c o n n e c t o r s c a n be s a l v a g e d 
for l a t e r u s e , w a t e r was app l ied to r e m o v e the s o d i u m . H o w e v e r , the 
r e a c t i o n be tween the s o d i u m , w a t e r , and D u r o c k - 1 2 8 i n s u l a t i o n p r o d u c e d 
a foaming , b lack , i n k - l i k e l iquid, and t h r e e p ins b r o k e loose f r o m the 
i n s u l a t o r . F u r t h e r a p p l i c a t i o n of w a t e r c a u s e d m o r e l iquid to f o r m and 
the i n su l a t i on d i s i n t e g r a t e d r ap id ly . An i m p r o v e d in su l a t i on , D u r o c k - 2 0 8 , 
wi l l be used in fu tu re c o n n e c t o r s to be t e s t e d . 

f. F a i l e d F u e l Loca t ing Method Deve lopmen t (F . V e r b e r ) 

L a s t Repor t ed : A N L - 7 4 1 9 , p 34 ( Jan 1968). 

F u r t h e r r e v i e w of the flow d i a g r a m for the f a i l ed - fue l -mon i to r ing 
loop ind ica ted the need for mount ing the p u m p in the b o t t o m h o r i z o n t a l leg of 



the loop instead of vertically. Although limitations of the internal pump 
tube supports necessitated the change, it also eliminates the need for a 
shutoff valve between the pump and surge tank, because the contents of 
the surge tank now can be drained directly to the dump tank without passing 
through the pump. 

The design drawing for the surge tank is approximately 90% 
complete. Equipment and mater ia ls available for fabrication of the loop 
include: the ac electromagnetic pump, capacitors for a power-factor-
correct ion capacitor bank for the pump, an electromagnetic flowmeter, a 
variable autotransformer for pump control, a sodium dump tank, 12-in. 
stainless steel pipe for the sodium surge tank, and about 70% of the 
e lec t r ic -hea te r equipment. 

D. Systems and Plant - -LMFBR 

1. 1000-MWe Plant 

a. Contract Management and Technical Review (L. W. Fromm) 

Last Reported: ANL-7427, pp. 35-36 (Feb 1968). 

(i) The Babcock fc Wilcox Co. Subcontract. Drawings for the 
reference concept are approximately 85% complete. Major thermal and 
hydraulic pa ramete r s for the reference core have been calculated. 

Six trade-off studies were completed and reviewed; two 
were revised in response to review comments Economic- and physics-
oriented paramet r ic studies are continuing »s part of Task III. 

Architectural general-arrangement drawings for the 
building are 70% complete. 

(ii) Westinghouse Corp. Subcontract Six of the seven Task-I 
topical repor ts have been written and edited, and nine of the eleven sections 
of the Task-I report have been written. 

Completed Task-II work includes the design of the reac tor -
vessel internals , the react ivi ty-control system, and the core thermal -
hydraulic analysis. Conceptual system-design descriptions are being 
written for a reas that are not expected to change as a result of Task-I l l 
evaluation studies. Cost data and heat balances are being developed. 

(iii) General Electric Co. Subcontract. Approximately 65% of 
the Task-I report has been drafted. 
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Nuclear analyses have been conducted for 15 variations 
from the basic core. The data are being used in thermal-hydraulic analysis . 

Core-design mechanical drawings are being prepared for 
the reference reactor . Two methods of lifting the reactor shield plug are 
being studied. Work has begun on a pneumatic scram-actuat ing device. An 
emergency-cool ing-system analysis was completed. Two cover-gas sys
tems were developed and are being compared. 

(iv) Combustion Engineering, Inc., Subcontract. The design of 
the reference core is essentially complete. Five conceptual design de
scriptions have been prepared and are being reviewed. A safety analysis 
on the effect of gas bubbles in the reference core was completed. Calcula
tional problems associated with CE's version of the MC^ multigroup c ross -
section code were resolved with the assis tance of ANL. Prel iminary results 
have been obtained on the Task-III parametr ic studies. 

(v) Atomics International Subcontract. The study is approxi
mately 35% complete. All overall system-design descriptions have been 
prepared and the system-select ion studies have been completed. The 
Task-I report has been drafted and is being reviewed. Task-II system-
design descriptions are about 75% complete and Task-Il l work has started. 
Early Task-Il l efforts include a nulcear-uncertainty analysis, a fuel-
handling review, a safety and accident analysis, and an economic parameter 
study. Component-level system-design descriptions in Task III are being 
prepared. 
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E. EBR-II 

1. Research and Development 

a. EBR-II System Design Descriptions (E. Hutter) 

Last Reported: ANL-7391, p. 51 (Oct 1967). 

When the working outline was approved and preparation of the 
design descriptions was authorized, pr ior i t ies were established as follows: 

Vol. I I - -P r imary System 
Vol. III--Secondary System 
Vol. IV--Steam System 
Vol. V--Elec t r ica l System 
Vol. I - -General Faci l i t ies 

Preparat ion of drafts and i l lustrations for Vol. II, P r imary System, has 
begun. 

b. Reactor Experimental Support--Reactor Analysis and Testing 
(R. R. Smith) ~~ 

Last Reported: ANL-7427, pp. 37-45 (Feb 1968). 

(i) Digital Data Collection. The third draft of the Digital Data 
Acquisition and Reduction System Proposal is being reviewed. 

(ii) Nuclear Analysis < 

(a) Computer P r o g r a m s for Analysis of Fission-product 
Activity. Whenever the reactor is operated intermittently it is difficult, 
from an inspection of the record of cover-gas activities, to conclude whether 
or not small increases in radioactivity are the consequences of small fission-
product re leases or are peculiari t ies of t ime-power history. To aid such 
evaluations, computer p rograms have been written to accept as input the 
complete t ime-power log of reactor operation and pertinent decay constants. 
The resul t of such a computer analysis is a time-dependent parameter p ro 
portional to the extent of saturation for a par t icular index species. Such 
values may be directly compared with the actual resul ts of radiometric 
analyses of cover-gas and pr imary-coolant samples. 

Two programs were written. One deals with the buildup 
and decay of ' "Xe and " 'Xe activit ies in the cover gas, and the other deals 
with the buildup and decay of " ' l , ' " l , and ' " l activities in the pr imary so
dium. The usefulness of both programs was assured by comparing computed 
values of activity of ' "Xe , "^Xe, and ' " l with corresponding experimentally 
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determined values over a three-week period which involved over 100 i r r a 
diation time increments . There was substantial agreement in all cases . 

These programs will be used in future searches for 
failed fuel elements or capsules. Differences between computed and experi
mentally measured values of fission-product activities in the cover gas and 
pr imary sodium will then be indicative of failure. This approach should in
crease the capability for detecting small fission-product re leases . 

(b) Run-26 Feedback Function. An appendix on heat t r ans 
fer is being developed for the report on the Run-26 feedback function. The 
heat- t ransfer information is being correlated with the system time constants 
derived from the rod-drop tes ts . The two prompt negative coefficients in 
the feedback function have been identified with fuel and coolant expansion, 
and the positive coefficient with a 2-sec time delay has been identified with 
bowing of the Row-7 stainless steel blanket. Rows 8 and 9 a re being analyzed 
as possible contributors to the more delayed effects. 

(c) Effect of Reduced-flow Conditions on the Power Coeffi-
cient of EBR-II. Changes in the core loading and reflectors of EBR-II have 
been accompanied by variations in the integrated power coefficient (power-
reactivity decrement). These variations have been studied by reactivity 
measurements at reduced flow. The decrement P measured by the indi
cated position of a calibrated control rod, can be expressed as 

E -I- D -I- B, 

where 

E = expansion effect of core and blanket mater ia l s , sodium density 
changes, and axial elongation of fuel; 

D = reactivity changes due to relative displacement of core and 
control rods as a resul t of expansion of control-rod extension 
shafts; 

B = subassembly bowing effects. 

The expansion effect was calculated from the thermal 
and reactivity propert ies of clean fuel, sodium, and s tructural mater ia l in 
a generalized flow-dependent form: 

E = [ -Q( l .015-Hl ,100a /R] -I- ( 0 . 0 3 7 / R ' ' - * ) -I- [6500 -h (408/k)]a, (1) 

where 

Q = power, MW; 

R = fraction of full flow; 
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a = coefficient of l inear thermal expansion of fuel, °C"'; 

k = fuel thermal conductivity, ca l / sec -cm-°C. 

The reactivity change D is simply proportional to 
Q / R for a given rod-bank position. The subassembly bowing effect B was 
obtained by subtracting the full-flow values of E and D from the measured 
values of P at full flow. The parameter B was then generalized to other 
flow conditions by making the assumption that the bowing is dependent only 
on the r ise of sodium temperature through the reactor. With E, D, and 
B all in flow-dependent form, P can be calculated for all power and flow 
conditions, if effective values of k and a a re available. In this study cov
ering Runs 25 and 26, however, effective values of k and a which best fit 
the experimental reduced-flow data were determined by a leas t - squares 
cr i ter ion. 

The fitted values of a/k, given in Table II.E.I, are a 
measure of the fuel-expansion component of the power coefficient. The 
ratio a /k shows a tendency to increase during a 1500-MWd operating period. 
(Some of the final values a re based on interpolations within a 20-MW region 
of the full-flow power-reactivity curve, only the end points of which were 
determined experimentally. Pa ramet r i c studies have shown that this inter
polation does not significantly compromise the data.) Since the reduced-
flow data indicate an increase in the fuel-expansion component of the power 
coefficient, but operating data do not reveal any corresponding increase in 
the total PRD to 45 MWt, this implies that the positive effects of bowing 
must have increased during this period. This deduction can be explained by 
an increase in the clearance between subassemblies at zero power and is 
consistent with postirradiation button-to-button measurements of the 
subassemblies . • 

lABlE lI.E.l. Measured and Calculated Values ol Po»erTeaclivlly Oecrement IWIDl at lle<k)C«l^llo« Conlitlonlllhl 
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*B4U<I on an assumed extension o( the l u l H l w PRD curve. 

The fitted values of a and k were applied Eq. (1) to 
yield the tabulated values of P (calculated), which agree with P (experi
mental) to within 2 Ih in most cases . Calculation of P over the complete 
field of power and flow conditions has revealed regions, particularly at low 
flow and high burnup, where positive power coefficients a re likely to exist. 



36 

(d) Release of Fission-product Species, March 5 through 
12, 1968. As indicated by radiometr ic analyses of samples of p r imary cover 
gas, two small fission-product gas re leases occurred during reactor opera
tion in March, the first between 1430 and 1530 on March 5, and the second 
between 0700 and 1030 on March 11. Both re leases were verified by small , 
but significant, increases in the Fission Gas Monitor (FGM) recordings, but 
neither caused any perceptible increase in the delayed-neutron-monitor sig
nals . Cover-gas analysis, after the reactor was shut down following the 
second re lease , also showed evidence of two very minor additional r e leases 
in the periods 0500 to 1000 and 1430 to 1530 on March 12. These were not 
detectable by the FGM. Cover-gas activities for " 'Xe and '^'Xe during the 
period February 23 through March 13 are shown in Fig. I I .E.I . 

(1) Background and Description of Events. P r io r to 
Run 27, two suspect experimental subassemblies , XG05 and XA08, were r e 
moved from the core and placed in the storage basket. Run 27A began on 
Feb. 5 and terminated on Feb. 28 after 283 MWd of operation. During this 
period there was no indication of any new fission-product re lease . On 
Feb. 28 the reactor was shut down, three prototype reorificed driver sub
assembl ies were installed in Rows 4, 5, and 6, and the suspect experimental 
subassembly, XG05, was installed in grid position 4C2. Fuel handling for 
Run 27B was completed on Feb. 29. The reactor was made cri t ical on 
March 1 at 0715, and power was gradually increased to 45 MWt at 0030 on 
March 2. 

Steady power operation at 45 MWt continued until 
March 5, when a reduced-flow test was begun just prior to shutdown. Crit
icality measurements were taken at 41.5 MWt with 100% flow, then power 
was reduced to 22.5 MWt. Shortly after p r imary - sys t em flow was reduced 
to 54%, a reactor scram was caused by a perturbation of the flow in pr imary-
coolant pump No. 2. 

After the reactor was res tar ted , power was raised 
to 45 MWt, with the intention of finishing the uncompleted reduced-flow ex
periment. An increase in the '^'Xe and '^^Xe activity in the pr imary cover 
gas (sample manually obtained at 1545 hours) caused a change in plans. The 
reduced-flow experiment was deleted from the Run 27B physics program, but 
to verify the cover-gas activit ies, operation was continued at 45 MWt until 
2001 hours on March 5, when the reactor was shut down. The FGM and 
FERD (Fuel Element Rupture Detector) systems were closely monitored, 
and samples of cover gas were taken and analyzed every hour. At shutdown, 
a total of 460 MWd of operation had been logged for Run 27 to complete 
Run 27B. 

No perceptible increase was noted in the FERD 
signals. Since this system is sensitive to those species which are chemi
cally fixed in the bond, i.e., " B r , 
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Fig. lI.E.l. Xenon Activity In EBR-n Covet Gas for the Period from Febniary 23 to Match 12, 1968 
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that a bond-type failure had not caused the increase in cover-gas activity. 
The resul ts of plotting the " 'Xe activity as a function of time after the in
dicated release demonstrated that the "^Xe activity decayed with a 9.2-hr 
half-life. If a bond-type failure had occurred, the growth of "^Xe from ''^I 
(fixed in the bond) would have disturbed the '^^Xe decay curve. 

In accordance with a new plan of action, the sus
pect subassembly, XG05, was removed from position 4C2 and replaced 
by XA08. The reactor was made cri t ical at 1844 on March 7, and power 
was gradually increased to 45 MWt at 1225 on March 8. A ser ies of reduced-
flow tests were conducted from 1400 hours on March 8 to 0800 hours on 
March 11, Several reactor scrams also occurred in this period because of 
malfunctioning of a pr imary-pump control system. 

Radiometric analyses of cover-gas samples takenon 
the morning ofMarch 11 indicated that a small fission-gas release had occurred 
between 0 700 and 1030. As in the March 5 release, no perceptible signal in
crease was indicated by the FERD, and, again, a barely perceptible increase was 
noted in the FGM response. A comparison of the FGM responses for the March 5 
and 11 releases witha normal startup response is given in Fig. II.E.2. Further 

X H U C H 5 - 6 . 1968 

• MARCH I I . 1968 

O NORHAL SCRAM ANO 
START-UP DO*. 6 . 1 1 6 7 

TIME IN HOURS 

Fig. 1I.E.2. Chargcd-wire-moiutor Data for :]-5-68 and 3-11-68, and Normal Scram and Startup 
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reduced-flow testing was deleted, and the reactor continued in operation at 
30 MWt and 74% flow until 1515 to verify the cover-gas activity. Power was 
reduced to 50 kW at 1515, and the reactor was shut down at 1700. 

Continued cover-gas analyses on March 12 indi
cated evidence of two additional re leases during the periods 0500 to 1000 
and 1430 to 1500. These re leases were quite small and were not verified 
by the FGM. Of likely significance is the fact that pump flow was reduced 
to 65% at 0930 and to zero flow for the period 1300 to 1451. It was tenta
tively concluded that the associated reduction in primary-coolant p ressu re 
caused additional expansion of gases through the defect at these t imes. 

A block diagram showing power operation for the 
entire period February 23 through March 12 is presented in Fig. II.E.3. 
Results of radiochemical analyses conducted for ' " l and ' " l in pr imary 
coolant samples taken before and after the indicated re leases are given in 
Table II.E.2. 

TABLE II.E.2. Analyses for Iodine Isotopes in Sodium Samples 
February 27 through March 1 1, 1968 

131 

_ d i s , „ - i d i s , „ - 3 Date Time -^ x 10 ^ —: x 10 min-g min-g 

2/27/68 1535 1.4 3 4 
2/28/68 1715 2.3 4.9 
3/4/68 1610 4.4 3.1 
3/5/68 1745 6.1 • 5.2 
3/11/68 1125 7.5 2.2 

(2) Discussion. F rom the evidence available, the gas 
re lease of March 5 closely resembled that of March 11, except that the 
latter was much smal ler . 

In both cases , slight evidence of a re lease may be 
seen from a detailed scrutiny of the FGM records . Since both re leases were 
significantly indicated by the resul ts of cover-gas analyses and were barely 
perceptible in the FGM records , it may be concluded that the released gas 
was deficient in the shor ter- l ived r a r e - g a s fission-product isotopes. 

At least three i tems of information indicate that 
the March 5 and March 11 re leases did not involve loss of sodium bond: 

1) The decay of ' "Xe after the March 5 re lease 
followed a simple 9.2-hr decay curve. If sodium containing "^I had been 
released, the decay rate would have been complex. 
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Fig. II.E.3. EBR-n Power Operation for February 23 to March 12, 1968 
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2) The inc reases in ' ' 'Xe and " 'Xe counting 
ra tes in all cases (March 5, March 11, and two on March 12) were too 
sharp to identify with a buildup from ' " l and " ' l . Step changes such as 
those observed are charac ter i s t ic of simple gas r e l eases . 

3) The slight increases in " ' l activity in sodium 
samples between 1610 March 4 and 1745 March 5, and between 1745 March 5 
and 1125 March 11, are accountable in t e rms of normal buildup from the 
t ime-power history. A significant leak of bond sodium would have caused 
an increase in the '^'l level, which would have been unaccountable in t e rms 
of the actual t ime-power history. 

The evidence indicates that the various re leases 
were of the gas type and not a result of sodium bond loss . The question then 
a r i se s as to whether the re lease was associated with a driver-fuel element 
or an experimental capsule. 

In a driver-fuel element, iodine, bromine, and 
r a r e - g a s species a re continuously emitted by recoil action to the sodium 
bond, and the gas space above a dr iver element will contain short-l ived 
species such as " K r , " K r , and " 'Xe , each of which is sensed by the FGM. 
Since the increase in the FGM signal was barely perceptible, however, it 
must be concluded that a substantial fractionation of r a r e - g a s species (on 
the basis of half-life) occurred. In other words, some physical process was 
responsible for "holding up" fission-product gases until the shorter- l ived 
species such as °°Kr, *'Kr, and "°Xe preferentially decayed. Such a physical 
process suggests, but does not prove, a mechanism based on an intermittent 
or pulse-type re lease of a gas bubble from an experimental fuel element into 
the gas plenum region of the capsule. After 4 period of decay, the gas at 
some later t ime escapes through a defect in the gas region of the capsvile. 
This could be caused by continued p re s su re buildup in the capsule, by a sud
den opening of the defect, or by a reduction in p r e s su re in the pr imary 
coolant outside the plenum. Since the fission gas decays for some time be
fore entering the pr imary coolant, the shorter- l ived isotopes, whencompared 
to normal equilibrium values, will have a lower concentration than the 
longer-l ived isotopes. 

Data a re still being collected and evaluated in the 
attempt to locate and fully understand the re lease . P r io r to the March 5 
re lease , it had been hypothesized that the December 7, 1967, re lease had 
been associated with one of the two experimental subassemblies, XG05 or 
XA08. After insert ing XG05 m the core and experiencing the subsequent 
re lease , it was tentatively concluded that XG05 contained the failed capsule. 
After replacing XG05 with XA08 and experiencing the second re lease , how
ever, this conclusion was not considered valid. Fur ther attempts to de ter 
mine the location of the failed fuel and to show a definite relationship between 
the December and March fission-product r e leases have proven inconclusive. 
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Two IBM-1620 computer programs were writ ten 
for predicting the radioactivity levels of the pr imary sodium and cover gas 
due to normal operation, and these programs are now being used in the 
analysis and evaluation. Because of e r ra t ic power operation during periods 
of testing, and because background activity levels in the pr imary coolant 
and argon cover gas are a function of power level, it is often difficult to de
termine if measured values of activity are normal or abnormal. The pro
grams just developed are capable of predicting, with an appropriate input 
of power-t ime history, the activity levels of the fission-product gases and 
other species fixed in the coolant at any time in power operation. These 
predicted values can then be compared to measure values to determine the 
normality of the particular activity in question. 

(3) Conclusions and Summary 

1) Detectable increases in the ' "Xe and " 'Xe 
activities from primary-coolant cover-gas samples were observed on 
March 5, 11, and 12. Subsequent behavior of the fission-product species 
is indicative of a gas-type re lease . 

2) The small March 5 and 11 re leases were 
verified by the FGM. 

3) No significant increase was noted in the 
FERD signals before, during, or following the indicated t imes of re lease . 

4) The two very small re leases of March 12, 
occurring after reactor shutdown, were probably caused by a decrease in 
primary-coolant p ressure resulting from a flow reduction. 

5) The evidence indicates that the fission-product 
release is from an experimental capsule rather than a dr iver element. 

6) The qualitative behavior of the indicated r e 
leases is consistent with a mechanism involving a defect in the plenum 
region of an experimental capsule containing a failed fuel pin. This model 
also theorizes a "diffusion" or "holdup" time in which the fission gas has 
an opportunity to decay before entering the pr imary coolant. 

7) Attempts to show a relationship or nonrela-
tionship between the December 7, 1967, fission-product re lease and the 
releases of March 5 to 12 are now inconclusive but a re continuing. 
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c . N u c l e a r A n a l y s i s M e t h o d s D e v e l o p m e n t (P . J . P e r s i a n ! ) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , pp. 4 6 - 5 1 (Feb 1968). 

(i) P h y s i c s A n a l y s i s S t a t i c s 

(a) F u l l C o r e - l o a d i n g R e p r e s e n t a t i o n of Run 2 7 - 1 . T h e 
full r e p r e s e n t a t i o n of Run 27-1 by the SNARG 2 -D code has been deve loped , 

it be ing in tended to avoid the a s s u m p 
t ion of s y m m e t r y about an a x i s in tha t 
a s y m m e t r i c con f igu ra t ion . Since th i s 
r e p r e s e n t a t i o n r e q u i r e s 99 c o m p o s i 
t i ons and 112 r e g i o n s , the s t o r a g e 
r e q u i r e m e n t s of the code for the S-4 
c a s e m a k e it n e c e s s a r y to u s e a 
s m a l l e r n u m b e r of m e s h po in t s than 
a p p e a r e d for the s y m m e t r i c c a s e s 
p r e v i o u s l y p r e s e n t e d . The m e s h i n g 
i s p r e s e n t e d in F i g . I I .E .4 . All s u b 
a s s e m b l i e s a p p e a r i n g in Rows 1-8 
a r e d i s t i nc t , but ou t e r r o w s a r e not 
fully d e s c r i b e d . It i s e x p e c t e d that 
a m e s h spac ing equa l to the width 
of one s u b a s s e m b l y a long the o r d i 
na t e and to half th i s d i s t a n c e on the 
a b s c i s s a wi l l y ie ld a c c e p t a b l e a c c u -

Run 27-1, SNARG Two-dimensional, r a c y in c a l c u l a t i o n s confined to the 

Full Representation Meshing c o r e r eg ion . Rows 1-6. 

1 1 O | D | D | O H X S , | 1 

1 I'-h h h l ^ h h l 1 
| D | D | O | X . 2 H D | D | O | 

1 D |0SC| 0 1 0 1 0 1 0 |0/2| C 1 0 1 

1 0 1 D Ixisl D jxisl 0 1 0 Ixirl 0 1 D 1 

I O | C | D ] 5 [ D J D | X 2 I | S | C I | M R O | 

1 D 1 D 1 0 1 D I D / Z ! D 1 D j x i e l D I x o j 

j D I C [D/2 1 D I D 1 D [ X 2 « C [ 0 I 

O D D X29 X25 O D D 

1 1 D 1 c 1 0 j c Ixasl c 1 D 1 1 

Ixszl 0 1 D I D I D X50 

Fig. II.E.4. 

(b) The Effect of Nonaxial Expanding Fuel Loadings on 
the Power Reactivity Curve. A ser ies of extrapolations based on SNARG 
2-D RZ calculations was performed to estimate the effect on the power 
coefficient due to the replacement in Runs 24, 26A, and 26C of some alloy-
fuel subassemblies by oxide-fuel subassemblies, which are assumed to 
have a negligible axial expansion coefficient. The SNARG calculations 
provided row-wise expansion worths for alloy-fuel subassemblies, and 
these values were scaled down by the fraction of the ring replaced by 
oxide-fuel subassemblies . As an example, the power reactivity curves r e 
sulting from full replacement are presented in Fig. II.E.5 for Row 4, and 
are compared with the zero-replacement curves . Par t ia l replacement ef
fects a re linear between the zero- and full-replacement curves. It is seen 
from the figure that in Run 24, which has a depleted uranium blanket, the 
full replacement with oxide-fuel resul ts in a decrease of 8 Ih for the Row 4 
case at 45 MW. In Run 26, which has a stainless steel reflector, the cor
responding decrease is 12 Ih. 
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The power r e a c t i v i t y c u r v e 
for the u r a n i u m - b l a n k e t e d s y s t e m is 
l e a s t affected by a r e d u c t i o n in the fuel-
e x p a n s i o n componen t . F u r t h e r , the l e s s 
p r o n o u n c e d p o s i t i v e bowing feedback wi l l 
a l s o a l low t e s t i ng a l a r g e r n u m b e r of 
c e r a m i c - f u e l e d s u b a s s e m b l i e s than in 
a p a r t i a l l y r e f l e c t e d s y s t e m . 

(c) C o n t r o l - r o d Study. The 
s e r i e s of c o n t r o l - r o d c a l c u l a t i o n s d e 
s c r i b e d in A N L - 7 4 2 7 have been con t in 
ued, wi th e m p h a s i s on a l l - p o i s o n c o n t r o l -
rod s y s t e m s . All c a l c u l a t i o n s w e r e 
m a d e wi th the SNARG 2 -D p r o g r a m , 
wi th the Sj a p p r o x i m a t i o n and an RZ 
g e o m e t r y ; the c o n s t i t u e n t s of a p a r t i c u 
l a r e l e m e n t w e r e s m e a r e d ove r the an 
nu lus c o r r e s p o n d i n g to i t s r i n g . The 
E B R - I I loading a s s u m e d was tha t at the 
s t a r t of Run 26B. 

Fig. II.E.5. Total Power Reactivity Curve, C a l c u l a t i o n s a l so w e r e m a d e 
Row-4 Oxide Replacement ^^ ^^^ ^ ^ ^ ^ j ^ ^^ ^^^ c e n t r a l c o n t r o l rod 

for the c a s e s of a fuel c o n t r o l rod with po i son fo l lower , and for a full po i son 
rod. T h e s e c a l c u l a t i o n s can be u s e d to check the e r r o r s involved in s m e a r 
ing the ten c o n t r o l r o d s in Ring 5 ove r an annu lu s , and wi l l a l s o be u s e d in 
conjunction with the d e v e l o p m e n t of v a r i a t i o n a l - f l u x - s y n t h e s i s c a l c u l a t i o n a l 
m e t h o d s now u n d e r s tudy. 

T a b l e s I I .E ,3 and I I .E .4 give r e s u l t s for the fuel-
poison fol lower and full po i son c o n t r o l r o d s , r e s p e c t i v e l y . C a s e s 1-4 and 7 

TABLE II.E.3. Calculated Reactivity for Movement of Fuel 
Control Rods with B4C Poison Followers 

(For Cases 8 and 9, Ring 5 is as in Case 1) 

Case 
No.^ 

1 
2 
3 

4 

7 

8 
9 

C 
R 

ore 
ing 

5 
5 
5 

5 

5 

1 
1 

No. of 
Control 

Rods 

10 
10 
10 

10 

10 

1 
1 

Location of Fuel 
Section in Control Rod 

Completely in core 
Completely in core 
Lowered; bottom 5.9 in. 

out of core 
Lowered completely 

out of core 
Lowered completely 

out of core • 
Completely in core 
Lowered connpletely 

out of core 

Vo 
v 

unne Fraction of 
4C in Follower 

none 
0.353 
0.353 

0.353 

0.406 

0.406 
0.406 

k 

1.0359 
1.0284 
1.0031 

0.9328 

0.9256 

1.0342 
1.0091 

^The numbering of the cases as used in ANL-7427 has been retained; therefore some 
case numbers are missing. 
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Case 
No. 

10 

11 

12 

13 

14 

Core 
Ring 

5 

5 

5 

1 

1 

No. of 
Control 

Rods 

10 

10 

10 

1 

1 

0.9594 

0.8975 

0.8637 

1.0189 

1.0028 

TABLE II.E.4. Calculated Reactivity for Movement of Full Poison 
Control Rods with a 0.406 Volume Fraction of B4C 

(For Cases 13 and 14, Ring 5 is as in Case 1 of Table II.E.3) 

Location of Poison 
Section on Control Rod 

Bottom at core top 

Lowered; bottom 7.8 in. 
from core top 

Bottom at core bottom 

Bottom at core top 

Bottom at core bottom 

of T a b l e I I .E .3 w e r e con ta ined in A N L - 7 4 2 7 and a r e inc luded h e r e for 
c o m p a r i s o n . In a l l c a s e s , the B4C po i son had a dens i t y of 2.5 g / c c and 
con ta ined b o r o n e n r i c h e d to 69 a / o ' °B. The po ison sec t ion for the full-
poison rod was 13.5 in. long. The following r e s u l t s a r e of i n t e r e s t : 

The c a l c u l a t e d to ta l w o r t h s of the fue l -poison fol lower 
and ful l -poison c o n t r o l r o d s w e r e about the s a m e . The d i f f e rence in k b e 
tween C a s e 2 ( c o r r e c t e d s l ight ly to a B4C vo lume f rac t ion of 0.406) and 
C a s e 7 is about 0.10, w h e r e a s that be tween C a s e s 10 and 12 is about 0 .095 . 

The to ta l w o r t h s of the c o n t r o l r o d s in the c e n t e r of 
the r e a c t o r w e r e 1.6 and 2.5% Ak for a ful l -poison and a fue l -po i son fol
l o w e r rod , r e s p e c t i v e l y . T h e s e n u m b e r s can«be c o m p a r e d roughly with 
o n e - t e n t h of the v a l u e s m e n t i o n e d in the p r e v i o u s p a r a g r a p h for ten c o n t r o l 
r o d s in Ring 5. T h e r a t i o of the total w o r t h of one rod in Ring 1 to that in 
Ring 5 is roughly 1.7 and 2.5 for the c a s e s of a ful l -poison and fue l -po i son 
fo l lower rod, r e s p e c t i v e l y . Both n u m b e r s a g r e e roughly with e x p e r i m e n t a l 
r e s u l t s r e p o r t e d p r e v i o u s l y * for a s m a l l e r c o r e for which the wor th of a 
fuel s u b a s s e m b l y in Ring 1 was about twice i t s w o r t h in Ring 5. 

As d i s c u s s e d in A N L - 7 4 2 7 , a ques t i on of i n t e r e s t to 
u s e r s of the E B R - I I a s an i r r a d i a t i o n faci l i ty is how u n i f o r m in the z-
d i r e c t i o n the flux wi l l be wi th a po i son c o n t r o l s y s t e m . A good m e a s u r e of 
the flux " t i l t " i s the v e r t i c a l f i s s ion dens i t y d i s t r i b u t i o n . F i g u r e I I .E .6 shows 
t h i s d i s t r i b u t i o n in the r i n g con ta in ing the ful l -poison c o n t r o l e l e m e n t s and 
the r i n g j u s t next to it for an e x t r e m e c a s e . No. 11 of Tab le I I . E . 4 . A s p r e 
d i c t e d in A N L - 7 4 2 7 , t h i s " t i l t " i s about the s a m e a s tha t for the fue l -po i son 
fo l lower e x t r e m e c a s e . No. 9 of T a b l e I I . E . 3 . (Note that for both t h e s e c a s e s , 
the p o i s o n s e c t i o n bo t tom i s a t about the m i d d l e of the c o r e . ) E x c e p t for 
the e x t r e m e uppe r s e c t i o n of the c o r e , th i s r a t i o v a r i e s only s e v e r a l p e r c e n t . 

*Kirn, F. S., and Locwenstein, W. B., ANL-6864 (Oct 1964). 
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A IN Rlt4G 4 , RING NEXT TO CONTROL RODS 

B IN RING 5, WHICH CONTAINS CONTROL RODS 

* C O R E 

BOTTOM 

. B4C P O I S O N _ 

SECTION 

CORE. 
TOP 

Fig. n.E.6 

Fission Density Distribution for 10 Full-
poison Connol Rods Inserted 7.8 in. into 
Core (Case 13, Table U.E.4) 

(d) P h y s i c s A n a l y s i s - - D y n a m i c s. Dur ing th i s r e p o r t 
pe r iod a FORTRAN code h a s been w r i t t e n for u s e with the I6O-A to a id 
in d e t e r m i n i n g ana ly t i c coef f ic ien t s in a d y n a m i c s m o d e l f rom r e a c t o r 
e x p e r i m e n t a l da t a . At p r e s e n t the code can handle up to four coef f ic ien t s 
which can be p lus or m i n u s in s ign . 

Some add i t iona l p r e l i m i n a r y v a l u e s for c o n s t a n t s in 
the E B R - I I c o n t r o l - r o d - b a n k block d i a g r a m (see A N L - 7 4 2 7 , p . 46, 
F ig . I .E.3) a r e as fol lows: 

e / P = 3 . 6 ' ' F / M W 

V̂  P = 2 . 9 3 ° F / M W 

Ci = 5.06 X 10"^ i n . / ° F 

C2 = 1.8 X 10-'^ i n . / ° F 

C3 = 2.0 X 10"" i n . / ° F 

C4 = 2.0 X 10"" i n . / ° F 

W = 2.23 X 1 0 " ' 6 k / k pe r inch . 

The to ta l expans ion at 45 MW is 153 m i l s , c o r r e s p o n d 
ing to 3.42 x 10"" 6 k / k o r 14.7 Ih. 

d. R e a c t o r S y s t e m T e s t i n g , S u r v e i l l a n c e , and Eva lua t ion 
(B. C. C e r u t t i ) 

L a s t Repor t ed : ANL-7427 , pp. 51-54 (Feb 1968). 

(i) F u e l - h a n d l i n g O p e r a t i o n s . The 70 .6 - in . e l eva t ion at which 
difficulty was e n c o u n t e r e d in p lac ing s u b a s s e m b l i e s in r e a c t o r c o r e p o s i 
t ions 5D4 and 6E1 is the s a m e e l eva t i on a t which difficulty w a s en
countered dur ing the r e c e n t p r o b l e m with a d a m a g e d c o n t r o l - r o d t h i m b l e . 
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At this elevation the bottom of the subassembly hex can is passing the top 
of the control-rod thimble (position 5D4 is between the thimbles for con
trol rods Nos. 2 and 3). 

A special dummy subassembly (E-82), fabricated with a 
smooth transit ion between the hex can and the lower adapter, was installed 
in core position 5D4 with no indication of binding or hangup on the upper 
edge of either thimble. A force of less than 50 lb was required to insert 
this special dummy subassembly. The subassembly was then removed from 
the core, t ransfer red to FCF, and washed. Inspection showed light scratch 
marks on five of the six hex-can flats, but none of the marks indicated that 
significant damage could have occurred to the adjacent thimbles. 

Changes in assembly procedures and specifications for all 
EBR-II subassemblies are being made to eliminate overhanging edges which 
could cause interference at the lower edges of the hex cans. This change 
will be made to all subassemblies loaded into the pr imary tank in the future. 

(ii) Force Settings on Main Core Gripper. Because of diffi
culties encountered during insertion of subassemblies into the reactor , the 
push-force settings on the main core gripper were decreased to prevent 
possible damage to components. The high and low push forces were set at 
250 and 175 lb, respectively, and these settings have been retained. 

(iii) Special Procedures for Fuel Handling. Assistance was 
given to the EBR-II Operations Group in revising the special and abnormal 
operating procedures for the EBR-II fuel-handling system. A comprehen
sive review was made of abnormal a l a rm conditions that might a r i se during 
fuel-handling operations, and new operating pfrocedures were written for 
the operating manual. Operator training c lasses a re planned for discussion 
of fuel-handling procedures and problems that might be encountered during 
routine fuel-handling operations. 

e. Higher Power Operation (R. E. Rice) 

Last Reported: ANL-7419, pp. 50-52 (Jan 1968). 

Prototype reorificed dr iver subassemblies were installed in 
core positions 4F3, 5C2, and 6C4. The readings of the outlet tem
pera ture thermocouples in these locations were compared with readings 
when standard dr iver subassemblies were in these locations. The decrease 
in tempera ture was less than that predicted from the inverse flow rat io. 
The reason for this is being investigated, but it is suspected that thermo
couple readings a r e being affected by mixing of coolant flow from adjacent 
subassembl ies . 
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f. Fuel Swelling and Driver Surveillance 

(i) Mark lA--Anomalous Fuel Swelling Investigation 
(F. G. Foote) 

Last Reported: ANL-7427, pp. 54-58 (Feb 1968). 

(a) Extended Burnup of MC-S-type Fuel Pins. The Fuel 
Surveillance Committee has recommended that Subassembly C-291, known 
to contain only low-swelling fuel, be reinserted into the core for an addi
tional 0.1 a/o burnup. 

(b) High-burnup Irradiations of Mark-IA Fuel. Subassem
blies X015 and X017 are accumulating additional burnups. Subassembly XOl 7 
will reach target burnup of 1.5 a/o midway through Reactor Run 28. 

(c) Effect of the Change to Mark-IA Design upon Fuel 
Swelling. Swelling results from Subassembly C-298 are not yet available. 
The conclusions, drawn from the examination of fuel elements from Sub
assembly C-297 and reported previously (see ANL-7427, pp. 54-55), r e 
main unchanged. 

(d) Effect of Enrichment Increase from 48% (Mark I) to 
52% (Mark lA). Swelling results from Subassembly C-293 are not yet avail-
able. The conclusions, drawn from examination of fuel elements from Sub
assembly C-283 and presented previously (see Progress Report for 
January 1968, ANL-7419, pp. 53-54), remain unchanged. 

(e) Effect of P r e s s u r e upon Swelling of U-5 w/o Fs Alloy. 
All postirradiation measurements of the pins from Capsule P-3 have been 
made. Estimate of burnup still must be confirmed. A metallographic ex
amination may also be made if needed for further interpretation of the re
sults. Capsule P-3 concludes the pressur ized capsule se r ies . 

Postirradiation data for P-3 appear in Table II.E.5. 
The data for both fuel swelling and fission gas re lease , plotted versus 

TABLE II .E.5 , Densi ty Data for P - 3 P r e s s u r e Spec imens Undergoing E s t i m a t e d 1.3 a / o Burnup"* 

Specimen 
No. 

1 
2 
3 
4 
5 
6 

Cast 
Pin 
No. 

54-1 
-2 
-7 
-4 
-5 
-6 

In-
Fi ; 

Mean 
- r eac t or 
lel T e m p 

(°c) 

591 
618 
591 
618 
591 
618 

Meanb 
I n - r e a c t o r 
P r e s s u r e 

(psia) 

1829 
953 
522 
258 
117 

84 

P r e i r r a d i a t i o n 
Dens i ty 
(g / cc ) 

18.09 
18.11 
17.98 
1 8 . 1 2 
1 8 . 1 2 
18.12 

P o s t i r r a d i a t i o n 
Densi ty 
(g / cc ) 

16.04 
14.50 
13.83 
11.52 
11.08 
10.27 

AV/VC 

(%) 
12.8 
24.9 
30.0 
57.3 
63.5 
76.4 

F i s s i o n Gas 
R e l e a s e 

(% of 
T h e o r e t i c a l ) 

-
-
5.8 

23.7 
42.2 
74.8 

^AU of me l t No. 409. 
^Effects of fuel swell ing and gas evolut ion are not included. 
^Calculated from dens i ty change. 
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in - reac tor p r e s s u r e in Fig. II.E 7, are based on an estimated burnup of 
1.3 a /o . According to the relationships shown, the re lease of fission gas 

is much more effectively restrained 
\ by the application of external p r e s -

°°l sure than is the swelling of the fuel. 

-FiSSON GAS 
-RELEASE 
' « - « - I , 1 / 
^ ^ — iOOO 

UNOETECTAeLE 

EOO 400 600 800 1 0 0 0 1 2 0 0 1400 

IN-REACTOR PRESSURE Iptiol 

Fig. I1.E.7. Effect of Pressure on Swelling 

and Gas Release 

The existence of two 
separate AV/V versus p re s su re 
curves for the upper and lower t ie rs 
of the specimens reflects some mea
surable difference in burnup and 
temperature of irradiation. 

(f) Effect of Heat Treatment 
upon Swelling of U-5 w/o Fs Alloy. 

Analysis of the pins irradiated in Capsule H-1 gave burnup values of 1.03 a/o 
for the lower t ie r and 0.96 a/o for the upper t ier; estimated burnup was 
1.2 a/o for both t i e r s . 

Pins irradiated in Capsule H-2 are being cooled and 
have not yet been examined. 

A decision has been made to omit the irradiation of 
Capsule H-3 because of its projected low-information yield. The tentative 
conclusion from the two previous capsules in this ser ies is that swelling is 
independent of pr ior heat t reatment . Any difference in heat t reatment ap
pears , at this t ime, to be cancelled out early in the neutron-exposure period. 

(g) Hot Laboratory Examination of Irradiated Fuel 

(1) Fuel Surveillance. Swelling data and calculated 
fuel-pin burnup are now available for 54 fuel elements from six different 
subassemblies that were removed from the core at the end of Reactor 
Run 26. 

Two subassemblies (C-2132, 2133) that contained 
fuel elements of the Mark-IB design were inserted into the core (in reactor 
grid positions 3B1 and 3C1, respectively) at the beginning of Reactor 
Run 27. Subassembly C-2132 is scheduled for removal midway through 
Reactor Run 28 at approximately 0.5 a/o burnup. 

(h) Analysis of Fuel-pin Swelling. The good correlation 
between high silicon content and low swelling remains unchanged. 

(ii) Voids in Mark-IA Fuel Cladding (S. D. Harkness) 

Not previously reported. 

Mark-IA fuel cladding has been examined by t ransmiss ion 
electron microscopy. The Type 304L stainless steel-cladding sections were 
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taken f rom a fuel e l e m e n t tha t exh ib i ted high swel l ing (fuel AV/V > 13%). 
T h e r e was e v i d e n c e tha t the fuel had been in con tac t wi th the c ladd ing in 
th i s e l e m e n t , t h e r e b y s ign i f i can t ly r a i s i n g the c ladding s t r e s s l eve l . 

F o i l s f rom two d i f fe ren t s e c t i o n s w e r e e x a m i n e d in t h i s 
in i t ia l s tudy. A l a r g e n u m b e r of F r a n k d i s l o c a t i o n loops and p o l y h e d r a l 
voids w e r e found in e a c h s a m p l e . The voids inc luded a wide d i s t r i b u t i o n 
of s i z e s . V e r y few vo ids w e r e o b s e r v e d to l ie on g r a i n b o u n d a r i e s , a l 
though the o c c u r r e n c e of dep le t ed r e g i o n s along the b o u n d a r i e s w a s c o m 
m o n . The width of the dep l e t ed r e g i o n a v e r a g e d about 350 A. 

Two r e p r e s e n t a t i v e m i c r o g r a p h s i l l u s t r a t i n g t h e s e po in t s 
a r e p r e s e n t e d in F i g . I I .E .8 . The a v e r a g e void s i z e ( < D > ) , n u m b e r den
s i ty (Nv), and vo lume f r ac t i on (Vf) c a l c u l a t e d f r o m a s e r i e s of m i c r o g r a p h s 
a r e l i s t ed in Tab le I I . E . 6 . 

Sample 1--Tilted to show dislocation loops Sample 2--Dislocation loops out of conaasc. 
Note polyhedral shape of voids. 

Fig. II.E.8. Structure of Mark-IA Fuel Cladding (Magnification 208,000X) 

TABLE I I .E .6 . R e s u l t s of E x a m i n a t i o n of M a r k - I A F u e l Cladding 

Sample 
No. 

1 

2 

M a x 
Claddinj 

T e m p 

(°c) 

4 8 0 

4 6 5 

A p p r o x i m a t e 
F l u e n c e <D> Nv Vf 

( n / c m ^ x l O " " ) (A) (No . / cm^ x 10"'^) (%) 

1.2 
1.4 

93 
105 

5.4 
4 .0 

0.2 
0.2 
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(iii) Cladding-integrity Investigation of Mark-IA Fuel Elements 
(R. A. Noland) 

Not reported previously. 

Metallographic sections of the Type 304L stainless steel 
cladding from element 16 of Subassembly C-249 were found to have axial 
f issures penetrating either partially or, as in one section, entirely through 
the tubular wall. This element was one of four Mark-IA fuel elements se
lected for metallographic examination because of relatively high fuel swell
ing, e.g., from 10.9 to 14.8%, as indicated by sodium measurements . The 
fuel-pin swelling in element 16 was the third highest of the group, namely, 
13.5%. No f issures were found in any of the sections of the three other 
elements examined. All were t ransverse ly sectioned at 1.0-in. intervals 
that s tarted upwards from a point 6.25 in. from the lower end of each ele
ment; thus the regions of highest burnup and maximum tempera ture were 
sampled. 

A task force has been organized that will attempt to deter
mine the cause(s) of the f issures in element C-249-16, and to establish 
whether the problem is unique to this element or involves other elements. 
A pre l iminary work plan has been drawn up by the task force, and action 
that implements this plan is now underway in Illinois and in Idaho. 

Twelve additional elements that exhibited low as well as 
relatively high fuel swelling after irradiation are now on hand from the 
EBR-II site. Eleven of the group are clad with tubing from the same batch 
used to clad element 16. These elements, along with seven tubes from which 
the i r radiated fuel has been removed, a re bekig investigated. 

(iv) TREAT Experiments (F. G. Foote) 

Not reported previously. 

(1) Fuel-motion Studies with Mark-IA Fuel Elements 
(C. J. Renken) 

Pulsed electromagnetic test equipment has been de
signed that will measure the motion of the fuel inside i rradiated Mark-IA 
fuel elements while they undergo transient irradiation in TREAT. Hope
fully, the motions of the fuel and sodium can be measured separately and 
without interference from the dras t ic change in electr ical resist ivi ty of the 
fuel-element mater ia l s during the t ransient irradiation. Suppression of this 
res is t ivi ty t ransient will be accomplished by means of a differential t r an s 
ducer, sensit ive only to the actual sodium meniscus and the end of the fuel. 
Differentiation between the fuel motion and the sodium motion should be 
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possible by means of an analysis of the reflected pulse at various sampling 
pouits. The transducer must be capable of withstanding the ambient tem
perature around the fuel element (approximately 150°C) and must be shielded 
from the heat developed in the fuel element during the transient. Construc
tion of the electronic equipment is about 50% completed. 

g. Mark-II Driver Fuel Element Development ( j . H. Kittel) 

Last Reported: ANL-7427, p. 59 (Feb 1968). 

As of March 6, Run 27B was completed, with a total of 461 MWd 
of exposure for Run 27. Table II.E.7 presents the status of Mark-II fuel 
elements being irradiated in experimental Subassembly X029. 

TABLE II.E.7. Status ol EncapsulateiJ Mark-I I Fuel Elenienls Irradiatetl In 

Experimental Subassembly XOZI in EBR-II 

Position 

No. 

1 
2 
3 
4 
5 
6 
? 
8 
1 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

Element 

No. 

265 
237 
213 
203 
266 
259 
255 
232 
212 
234 
251 
262 
230 
263 
258 
288 
267 
205 
218 
284 
200 
270 
209 
201 
275 
279 
202 
287 
225 
289 
227 
219 
276 
277 
207 
269 
283 

Enrichment 

1*1 

93.15 
93.15 

93.15 

93.15 
93.15 
93.15 

93.15 

93.15 
93.15 

9315 
93.15 
93.15 

93.15 
93.15 

93.15 
93.15 
93.15 
93.15 

93.15 
80.0 

80.0 
80.0 
80.0 
80.0 

80.0 
80.0 

80.0 
80.0 

80.0 
80.0 

80.0 
80.0 
80.0 

80.0 
80.0 
80.0 

80.0 

Element 

Length 
lin.l 

26 
24 
24 
24 
26 
26 
26 
24 
24 
24 
26 
26 
24 
26 
26 
26 
26 
24 
24 
26 
24 
26 
24 
24 
26 
26 
24 
26 
24 
26 
24 
24 
26 
26 
24 
26 
26 

Restra iner Type 
and Location^ 

1 

A 
C 
B 
A 
8 
B 
C 
A 
B 
B 
C 
A 
C 
A 
A 
C 
C 
A 
C 
A 
C 
C 
A 
C 
A 
B 
C 
B 
C 
C 
A 
B 
A 
B 
C 
C 
A 

in.l 

075 
0.18 

0.32 
0.33 

0.72 
0.25 
0.77 

0.27 
0.24 
0.27 

0.34 

0.38 
0.21 
0.38 
0.75 
0.27 
0.70 
0.23 

0.25 

0.70 
0.26 
0.75 

0.25 
0.19 
0.27 

0.24 

0.20 
0.64 

0.21 

0.72 
0.25 
0.27 

0.78 
0.27 

0.20 
0.25 

0.68 

Ma< 
kW/ll 

10.48 

10.28 
10.33 

10.31 
10.33 
10.37 

10.36 

10.32 
10.26 

10.30 
10.26 
10.25 

10.16 
10.14 
10.07 

10.13 
10.20 
10.15 

10.12 
8.74 

8.70 

8.66 
8.74 

8.73 

8.68 
8.73 

8.63 
8.64 
8.67 

8.66 

8.59 
8.59 

8.59 

8.60 
8.59 
8.55 
8.46 

Max Temp al 
Fuel Center 

l°Cl'' 

643 
649 
647 
637 
649 
668 
669 
664 
640 
646 
669 
671 
667 
662 
618 
637 
664 
667 
666 
628 
621 
595 
623 
627 
628 
623 
622 
600 
604 
621 
621 
615 
594 
5% 
599 
5% 
588 

Temp ol 
Clailtling 

ID 
f C l ' 

551 
559 
557 
548 
559 
582 
584 
580 
553 
557 
584 
589 
586 
579 
538 
548 
579 
586 
586 
557 
549 
519 
542 
553 
558 
554 
551 
527 
529 
553 
550 
545 
524 
520 
526 
526 
516 

Calculated 
Burnup 

la/ol 

0.27 
0.27 

0.26 

0.26 

0.26 
0.26 

0.26 
0.26 

0.26 
0.26 

0.26 
0.26 

0.26 
0.26 
0.26 
0.26 
0.26 

0.26 

0.26 
0.22 
0.22 

0.22 
0.23 

0.22 
0.22 

0.22 
0.22 

0.22 
0.22 

0.22 

0.22 

0.22 
0.22 
0.22 
0.22 

0.22 
0.21 

^Tube restrainer type: 

A • Slotted. 
B • Nonslotted. 

C • Three indents equally spaced. 
Location: distance ol restrainer alwve the lop ol the luel. 

''Temperatures calculated with Hectic II Code with depleted uranium blankeL 

Twenty-five replacement capsules were shipped to Idaho early 
in February. These were to replace capsules scheduled for removal at in
tervals of burnup from 1 through 5 a/o. Upon receipt, the closure welds 
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were inspected by X-ray techniques, and 22 out of 25 capsules were rejected 
because of weld-metal thinning below the tube-wall thickness. The fault lay 
in the joint design because acceptable welds were difficult to obtain consis
tently even with utilization of fully automatic welding procedures . 

The capsules will be returned to Illinois for repair or re -
encapsulation in the event repairs cannot be made. In the past, repai rs 
were not possible in a reas where sodium was present. In the event the 
welds cannot be repaired, two joint-designs have been proposed that would 
result in acceptable welds not sensitive to small changes in welding pro
cedure. Test samples have been prepared and sent to Idaho for review. 

h. Equipment--Fuel Related (E. Hutter) 

(i) Improved Gripper and Holddown Force- l imi t Device 

Last Reported: ANL-7427, pp. 59-60 (Feb 1968). 

The electronic control system was connected to the other 
components of the test rig. Then the entire prototype improved gripper 
and holddown force-l imit device was operated to evaluate performance. 
The control system functioned satisfactorily in stopping the drive motor 
when prese t force limits were reached; the tripping, checking, and force-
remembering functions also operated properly. 

Calibration procedures were conducted to obtain qualita
tive resul t s , and a certified calibrated force gauge was used to measure 
the forces applied by the mechanism. (Previously, the force gauge was 
found to be in e r r o r and was returned to the factory for correct ion and 
certification of its accuracy. When returned, it was checked briefly in 
tension and appeared to be satisfactory.) Anomalous results were obtained 
during calibration of the applied push forces. The spring constant of the 
force-l imit assembly appeared to differ for push forces and pull forces. 
For example, for equal spring displacement, the push force was 2250 lb 
and the pull force was 1750 lb. Some hysteresis and nonlinearity also were 
indicated. Investigation revealed that the calibration constant for the force 
gauge was different in compression and tension, and would account for most 
of the discrepancy noted. The force gauge is being recalibrated again on a 
tensi le- test ing machine. Initial tes ts indicate that the calibration constant 
and hys teres is of the gauge depend considerably on the mounting arrangement . 

Although the initial tes ts of the force-limiting device indi
cate that the design is sound and major design changes are not necessary , 
qualitative and quantitative tes ts will continue. Electronic par ts are being 
obtained for the final unit. 
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(ii) Oscillator Rod Mark II 

Last Reported: ANL-7427, pp. 60-61 (Feb 1968). 

Drawings for the Mark-IIB Type-IV oscillator rod have 
been checked and are being reviewed by the plant modification committee. 

Fabrication of the osci l la tor-rod special thimble, s torage-
basket adapter sleeve, and adapter-s leeve handling tool has started. 

i. Equipment--Reactor and P r i m a r y Coolant System (B. C. Cerutti) 

Last Reported: ANL-7427, pp. 61-62 (Feb 1968). 

(i) General Improvements 

(a) Instrumentation for Argon Cooling System (ACS) of 
Fuel-unloading Machine. The design of an auxiliary source of power for the 
dc turbine motor in the ACS was approved. This new power supply will pre
vent inadvertent use of the bat ter ies which are the source of emergency 
power. 

(b) One-hundred-point Data-acquisition System. Following 
a ser ies of tests using plant parameters as input to the one-hundred-point 
data-acquisition system, a standard input filter was designed to reduce elec
tronic noise. The filter network was packaged with a mating quick-disconnect 
plug to permit inserting the filter directly to the input line. The filter is 
effective for noise reduction to a level of ±20 |UV. 

(c) Spare Control-rod Drives. The reworked gripper jaws 
for the two new spare control-rod drives were returned to ANL-ID from 
ANL-Central Shops, where they had been remachined to the latest cam con
tour design and rechromed as requested by the EBR-II Engineering Group. 
The grippers were reassembled and the drives are essentially ready for use. 

(d) Control Rods. A proposal to add a special collar to 
existing control-rod subassemblies to prevent damage to thimbles during 
fuel-handling operations was approved by the Plant Modification Committee. 
This collar will permit the core holddown to move the control-rod thimble 
out of the way when subassemblies are installed adjacent to the control-rod 
position. 

(ii) Sodium Sampling Pump and Fi l ter . Tests of the modified 
pump-drive mechanism using a Formsprag reverse-locking clutch were 
not satisfactory, so the clutch was rem'oved. Fur ther investigation indicates 
that the electrical modifications, employing a timing relay and ammeter , will 
satisfactorily provide a positive indication of pump malfunction. These elec
tr ical modifications a re being accomplished. 
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(iii) Seal Intermediate Heat Exchanger. Working drawings of the 
single continuous-str ip baffle have been completed. The baffle is being fab
ricated. A test rig to accommodate the baffle will be constructed of Type 304 
stainless steel. The test rig, with the baffle mounted in place, will be soaked 
in 700''F sodium to determine whether the spring charac te r i s t ics of the baffle 
a re affected. 

j . Secondary Sodium and Power Systems (B. C. Cerutti) 

Last Reported: ANL-7427, pp. 62-64 (Feb 1968). 

(i) Sampling Systems for Secondary Sodium The fire-damaged 
instrumentation and control systems for the secondary-sodium sampling sys
tem a re being res tored. Line heaters were reinstalled on the sampling loop 
piping outside the control panel, and each heater circuit was temporar i ly 
connected to a variable t ransformer . Temperature sensors were perma
nently inounted on the piping and were temporar i ly connected to the read
out instrument, 

(ii) General Improvements- -Power Plant 

(a) pH Control Fai lure Alarm. In the case of a control fail
ure , the pH indicator-control ler used for programming acid injection into the 
main- condenser cooling-water system continues to add acid to the water. An 
a la rm and actuating circuit has been designed to a larm on a control failure. 

(b) Automatic Trip for Turbine-driven Condensate and 
Feedwater Pumps and for Blowdown Valve. A design modification was approved 
for providing an automatic tr ip for the turbine-driven condensate and feed-
water pumps and the blowdown valve upon occ^trrence of a reactor sc ram. 

(c) Wide-rsinge Temperature Monitor for Steam Header. 
The design work on a wide-range tempera ture monitor for the steam header 
was completed. This monitor will be located on the turbine-generator gauge 
panel to provide the turbine operators with local indication for heat-up of the 
turbine during star tup. 

(d) Relocation of Steam Controller for No. 2 Feedwater 
Heater. The design work to provide control from the control room of the 
steam to No. 2 feedwater heater was completed. 

k. Instrumented Subassembly (E. Hutter) 

(i) Design (E. Hutter) 

Last Reported: ANL-7419, p. 65 (Jan 1968). 

(a) Drywell Concept. The sheathed instrument leads will 
be fastened and sealed to the bulkhead in the sodium-free dry well that will 
be between the extension tube and an inner hexagonal tube. Termination at 
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t h e b u l k h e a d w i l l p e r m i t t h e u s e of n o r m a l c e r a m i c - b e a d i n s u l a t i o n o n l e a d 

w i r e s f r o m t h i s p o i n t t o t h e r e c o r d i n g i n s t r u m e n t o n t h e r e a c t o r o p e r a t i n g 

f l o o r . 

M e t h o d s a r e b e i n g d e v e l o p e d f o r b r a z i n g 2 2 s e n s o r 

l e a d s , s u c h a s 6 2 - m i l - d i a s h e a t h e d t h e r m o c o u p l e s , i n t o t h e d r y - w e l l b u l k 

h e a d . A l l t h e c o m p o n e n t s i n v o l v e d i n t h e b r a z e j o i n t a r e m a d e of T y p e 3 0 4 

s t a i n l e s s s t e e l . A h i g h - t e m p e r a t u r e n i c k e l - b a s e b r a z i n g a l l o y ( G E N o . 8 1 ) 

h a s b e e n s e l e c t e d ; a 3 0 - k V A 1 0 , 0 0 0 - c y c l e i n d u c t i o n h e a t e r i s b e i n g u s e d . 

T o m i n i m i z e t h e t e m p e r a t u r e d i f f e r e n c e s a c r o s s t h e b r a z e j o i n t s , w h i c h 

a r e of n o n u n i f o r m t h i c k n e s s , h e a t i s s u p p l i e d t o t h e w o r k b y r a d i a t i o n 

f r o m a s t e e l s u s c e p t o r . 

O r i g i n a l l y , i t s e e m e d t h a t a n o n e x p l o s i v e m i x t u r e of 

9 5 v / o h e l i u m a n d 5 v / o h y d r o g e n w o u l d b e a s u i t a b l e a t m o s p h e r e f o r b r a z 

ing s i m u l a t e d s a m p l e s a t 1 1 6 0 ° C . T h i s a t m o s p h e r e , w h i c h w a s p u r i f i e d b y 

p a s s i n g i t t h r o u g h a p l a t i n u m c a t a l y s t a n d m o l e c u l a r s i e v e s , m a i n t a i n e d t h e 

s u r f a c e in a b r i g h t c o n d i t i o n . H o w e v e r , it d i d n o t a c t i v a t e t h e s u r f a c e s i n 

t h e j o i n t a r e a s s u f f i c i e n t l y t o a c c o m p l i s h c o m p l e t e w e t t i n g . F i g u r e I I . E . 9 , 

w h i c h s h o w s a t y p i c a l m i c r o s t r u c t u r e in a j o i n t b r a z e d w i t h t h i s g a s m i x 

t u r e , r e v e a l s c o n s i d e r a b l e p o r o s i t y a n d t w o l a r g e n o n w e t t e d a r e a s . T h e s e 

d e f i c i e n c i e s w e r e o v e r c o m e b y u s i n g t a n k h y d r o g e n ( t h a t h a d b e e n p u r i f i e d 

in t h e s a m e m a n n e r ) t o p r e t r e a t t h e b r a z e j o i n t w i t h o u t a n y b r a z i n g a l l o y a t 

1 1 6 0 - 1 180°C t o a c t i v a t e t h e s u r f a c e , t h e n c o o l i n g t h e w o r k t o r o o m t e m p e r a 

t u r e , a d d i n g t h e b r a z e m a t e r i a l a s a p o w d e r , a n d r e h e a t i n g t h e a s s e m b l y t o 

1 1 6 0 ° C in h y d r o g e n . F i g u r e l I . E . l O s h o w s a t y p i c a l m i c r o s t r u c t u r e o b t a i n e d 

u s i n g t h i s p r o c e d u r e . 

Fig. II.E.9. Considerable Porosity and Two Large 
Nonwetted Areas Are Evident in Brazed 
Joint Where the Thermocouple Sheath 
Passes through Bulkhead. This joint was 
brazed in helium-hydrogen mixture and 
pieces were not pretrcaced. 

Fig. lI.E.lO. Sound Joint Was Made in lOO ô Hydro
gen Atmosphere after Surfaces Were 
Activated by Pretreatment. In both 
cases, surfaces were Type 304 stain
less steel, brazing alloy was GE No. 81, 
and brazing temperature was IIGO^C. 



Two f u l l - s c a l e s i m u l a t e d s a m p l e s , such a s shown in 
Fig . I I . E . l l w e r e b r a z e d u s i n g the s a m e p r o c e d u r e s . Both s a m p l e s a p p e a r 
to b e p r o p e r l y b r a z e d and a r e l eak t igh t as d e t e r m i n e d by a h e l i u m m a s s 
s p e c t r o m e t e r leak d e t e c t o r . 
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Fig, II.E.ll. Full-scale Simulated Sample Brazed 
with Method Used for Fig. lI.E.lO. 
Leaktight joints were made where 
22 instrument sheaths pass through 
bulkhead. 

A f u l l - s c a l e f ix ture is 
be ing bui l t for b r a z i n g the bu lkhead 
in the s u b a s s e m b l y s tructure , which 
wil l be 1 2 ft long at th i s s t age of 
c o n s t r u c t i o n . 

(b) F u e l - p i n T h e r m o c o u p l e s . 
The des ign of the fue l -p in t h e r m o 
couple is final excep t for d e t a i l s of 
the h e r m e t i c s e a l . 

All the m a t e r i a l s , excep t 
for the h e r m e t i c s e a l s , a r e a v a i l a b l e . 
C o n s t r u c t i o n p r o c e d u r e s be ing de 
ve loped wi l l be u s e d to bui ld t h e r m o 
c o u p l e s for t e s t and, p o s s i b l y , for u s e 
in the i n s t r u m e n t e d s u b a s s e m b l y . 

The h e r m e t i c s e a l d e s i r e d for the fuel -p in t h e r m o 
coup les would have a 0. 1 6 0 - 0 . 2 2 0 - i n . d i a m e t e r and would employ an a l u m i n a 
i n s u l a t o r that is b r a z e d into p l a c e . A p r i m e ob jec t ive in the des ign of the 
s e a l is to deve lop a conf igu ra t ion that can be p u r c h a s e d quick ly . 

The h e r m e t i c s e a l for the shea thed l eads and low-
t e m p e r a t u r e t h e r m o c o u p l e s m u s t not increasfe the s h e a t h d i a m e t e r s . A v a i l 
ab l e c e r a m i c s e a l m a t e r i a l s that could be m e l t e d into the open end of a 
s h e a t h a r e be ing i n v e s t i g a t e d . 

A n u m b e r of shea thed l e a d s , s o m e d r i e d and s ea l ed and 
o t h e r s u n s e a l e d , h a v e been b r a z e d into a bu lkhead to d e t e r m i n e the effect of 
m o i s t u r e on b r a z i n g . M e a s u r e m e n t s of insu la t ion r e s i s t a n c e at high t e m 
p e r a t u r e wi l l be u s e d to e v a l u a t e the effects of the b r a z i n g . 

1. P a c k a g e d Loop (B. C. C e r u t t i ) 

L a s t R e p o r t e d : A N L - 7 4 1 9 , p. 65 (Jan 1968). 

The f ea s ib i l i t y s tudy for the p a c k a g e d loop is in p r o g r e s s . In
c r e a s e d effor t i s be ing devo ted to the r e m o v a l coffin, and to i n s e r t i o n and 
r e m o v a l p r o b l e m s of the i n - r e a c t o r tube . A u x i l i a r y c o m p o n e n t s such a s 
t he s u r g e t ank and the p u r i f i c a t i o n s y s t e m a r e being s tud ied in g r e a t e r 
d e t a i l . 
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m. Process Chemistry (D. W. Cissel) 

Last Reported: ANL-7427, pp. 64-70 (Feb 1968). 

(i) Sodium Coolant Quality and Control 

(a) P r i m a r y Sodium 

(1) Sampling. Table II.E.8 lists the sodium samples 
taken from the pr imary system for the period 2/16/68 through 3/15/68. 

TABLE II.E.8. P r i m a r y Sodium Samples 

Date Container Analysis 

2/23/68 two 10-ml Pyrex beakers Trace metals 
2/27/68 10-ml Pyrex beaker Activity 
2/28/68 10-ml Pyrex beaker Activity 
2/28/68 1-in. aluminum tube Historical 
3/4/68 10-ml Pyrex beaker Activity 
3/5/68 10-ml Pyrex beaker Activity 
3/5/68 1/2-in. stainless steel tube O2, H2 
3/7/68 two 10-ml quartz beakers Trace metals 
3/11/68 10-ml Pyrex beaker Activity 
3/15/68 1-in. aluminum tube Historical 
3/15/68 two 10-ml quartz beakers Cyanide ion method 

development 

(2) Radionuclides. Five pr imary-sodium samples 
were analyzed by gamma spectrometry for radionuclides with the results 
listed in Table II.E.9. (See Sect. l I .E. l .b for detailed information concern
ing fission-product re leases . ) 

TABLE H E . 9 . Activity in P r imary Sodium 

Isotope, Ci/g 
Sample 

Date ' " C s ' " l 

2/27/68 6.6 x 10"* 1.6 x 10"^ 
2/28/68 1.1 X 10"^ 2.3 x 10"^ 
3/4/68 2.1 X 10"' 1.5 X 10"' 
3/5/68 1.7x10"^ 2 . 9 x 1 0 " ' 2 . 5 x 1 0 " ' 
3/11/68 3.5 X 10"' 1.0 X 10- ' 

(3) Trace Metals. One sample of p r imary sodium 
taken in a quartz beaker has been analyzed for t race metals by atomic 
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a b s o r p t i o n . R e s u l t s a r e l i s t e d in T a b l e l I . E . l O . R e s u l t s f r o m s a m p l e s 
t a k e n in P y r e x b e a k e r s w e r e r e p o r t e d in A N L - 7 4 2 7 , p . 64. I m p u r i t i e s in 
the P y r e x w e r e a p p a r e n t l y d i s s o l v e d d u r i n g the d i s s o l u t i o n s t e p . E s p e c i a l l y 
n o t i c e a b l e i s t he l o w e r n i c k e l v a l u e s for the q u a r t z - b e a k e r s a m p l e s ; how
e v e r , d i f f e r e n c e s in n i c k e l con ten t m i g h t be due to p a r t i c u l a t e m a t t e r in the 
s o d i u m . F u r t h e r s a m p l e s a r e r e q u i r e d to p r o v i d e m o r e i n f o r m a t i o n . 

T A B L E l I . E . l O . T r a c e - m e t a l I m p u r i t i e s in P r i m a r y Sod ium 

(Sample t a k e n 3 / 7 / 6 8 ) 

I m p u r 

B i 
Co 
Cu 
F e 

i ty 
C o n c e n t r a t i o n 

(ppm) 

<2 
<0 .2 

0.2 
1.0 

I m p u r 

Mg 
Mn 
Ni 
Sn 

ty 

C o n c e n t r a t i o n 
(ppm) 

< 0 . 3 
<0 .1 
<0 .4 
19 

(b) Sod ium A n a l y t i c a l M e t h o d s 

(1) C a r b o n in Sod ium. As p a r t of the p r o g r a m for 
deve lop ing a n a l y t i c a l m e t h o d s for d e t e r m i n i n g the amoun t of c a r b o n in 
s o d i u m , the r e c o v e r y t e s t s on c a r b o n s p e c i e s in s o d i u m a r e cont inu ing by 
the oxyac id i c flux m e t h o d . A s e r i e s of t e s t s on h e x a h y d r o x y b e n z e n e , a 
c a r b o n s p e c i e s ident i f ied in sodi t im by E n g l i s h w o r k e r s , gave t he r e s u l t s 
shown in T a b l e I I . E . l l . 

T A B L E I I . E . l l . C a r b o n R e c o v e r y T e s t s <or H e x a h y d r o x y B e n z e n e 

Run 
No. 

1 
2 
3 
4 
5 

C a r b o n Added 

(Pg) 

134.4 
134.4 
134.4 
134.4 
134.4 

C a r b o n R e c o v e r 

(^-g) 

129.8 
135.0 
130.6 
130.6 
135.6 

A v e r a g e R 

ed 

e c o v e i y, 

P e r c e n t 

R e c o v e r y 

96 .6 
100.4 
97 .2 
96.7 

100.9 

% 98.4 

A p r e v i o u s s e r i e s of t e s t s wi th the s o d i u m sa l t of 
e thy l ene d i a m i n e t e t r a a c e t i c ac id (EDTA) gave s o m e w h a t e r r a t i c r e s u l t s . 
A s e r i e s of t h r e e r e p e a t r u n s wi th a g r e a t e r a m o u n t of c a r b o n (as E D T A ) 
added to t he r e a c t i o n v e s s e l gave r e s u l t s shown in T a b l e H E . 1 2 . 
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T A B L E I I .E .12 . C a r b o n R e c o v e r y T e s t s for E D T A 

Run 
No. 

1 
2 
3 

C a r b o n Added 

(Mg) 

128.8 
128.8 
128.8 

C a r b on R e c o v e r e d 

(Mg) 

130.0 
129.8 
134.0 

A v e r a g e R e c o v e r •y. 

P e r c e n t 
R e c o v e r y 

100.9 
100.9 
104.0 

% 101.8 

The p u r p o s e of us ing E D T A is to p r o v e the r e 

cove ry of c a r b o n f rom compounds conta in ing the -^C —N^^ bond s y s t e m . 

C y a n u r i c ac id r e c o v e r y t e s t s in which m o s t of the 

c a r b o n is bonded a s ]>C=N— a r e in p r o c e s s . L i b r a r y w o r k to d e t e r m i n e a 

su i t ab le n i t r i l e (in which the c a r b o n is bonded a s — C s N ) for r e c o v e r y t e s t s 

is p r o g r e s s i n g . 

Work on the d e t e r m i n a t i o n of CN" in s o d i u m us ing 
the c o m m e r c i a l l y a v a i l a b l e " O r i o n " CN" spec i f i c e l e c t r o d e h a s d e m o n s t r a t e d 
that t h i s me thod is a d e q u a t e l y s e n s i t i v e and h a s p r o m i s e . If the CN" ion can 
be quan t i t a t ive ly t r a n s f e r r e d to the O.IM NaOH f rom the s o d i u m s a m p l e , th i s 
me thod wil l be both fas t and s i m p l e . E f fo r t s to a c h i e v e t h e s e cond i t ions a r e 
in p r o g r e s s . The "Or ion" e l e c t r o d e c r y s t a l h a s a l r e a d y shown s igns of d i s 
solut ion and m a y have too s h o r t a usefu l l i f e t ime to be p r a c t i c a l when weighed 
a g a i n s t i ts cos t ( -$100) . 

n. E x p e r i m e n t a l I r r a d i a t i o n s and T e s t i n g (D. W. C i s s e l ) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , pp. 7 0 - 7 5 (Feb 1968). 

(i) E x p e r i m e n t a l I r r a d i a t i o n s 

(a) S ta tus of E x p e r i m e n t s in E B R - I I . The s t a t u s of ex
p e r i m e n t a l i r r a d i a t i o n s in E B R - I I a s of M a r c h 31 is shown in T a b l e I I . E . 1 3 . 

Indiv idual s u s p e c t e x p e r i m e n t a l S u b a s s e m b l i e s XG05 
and XA08 w e r e t e m p o r a r i l y r e i n s e r t e d in the r e a c t o r for Runs 27B and 27C, 
r e s p e c t i v e l y , and then r e m o v e d aga in a f t e r e a c h of t h e s e r u n s r e s u l t e d in 
i n c r e a s e d f i s s i o n - g a s ac t iv i ty in the p r i m a r y c o v e r gas ( s ee Sec t . l I . E . l . b ) . 

E x p e r i m e n t a l S u b a s s e m b l y XO30 w a s r e m o v e d f r o m 
gr id pos i t ion 6E1 at the s p o n s o r ' s r e q u e s t and t r a n s f e r r e d to the F C F for 
d i s a s s e m b l y . The six c a p s u l e s f r o m P a c i f i c N o r t h w e s t L a b o r a t o r y (PNL) 
w e r e t r a n s f e r r e d f r o m the F C F to the TAN (Tes t A r e a N o r t h ) Hot Shop to be 
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TABl£ II-E.13. SWus ol EBR-II Experimentat Irratial ions 

Subaiiembly 
(Potition) 

tMe 

CruTQed 

Cjpsule Content and 

Number ol C«Kules 11 

Ac£uffl EipDSure 

imtllll jiiuua 

l),6U 

13.6U 

liim 

12.6a 

EstinaM Coal 
Exposure iMWdi 

16.700 

22.501 

itosa 

uvt 

XC02 

fZAll 

XG03 
(7D1I 

XOU 

(TBI) 

XCO^ 

XAOB' 
I4FZI 

XOIO 

(7F31 

XOU 

I4BZ) 

X015 

X016 
(4D2) 

x o i ; 

(4C3I 

X018 

I2B1I 

X019 
f6D2l 

X 0 » 

I6B5I 

X02I 

(2011 

X022 
f7C4) 

X 0 » 
(4E2I 

XOZ« 

(7051 

X027 

UB3t 

X028 

MDV 

XON 
ld£3t 

XOlrf 
KCll 

XOJl 

(6C1I 

X0» 

X033 
(5t21 

7rwtf 

7ri6'» 

7/16^69 

9/3/65 

12/13/65 

V24/66 

SJ1(V66 

11/1V66 

i; i j /67 

11/15/66 

2/27/67 

2/27/57 

10/10/67 

10/11/67 

11/22/67 

11/22/67 

12/22/67 

l a 10(67 

Il/22r67 

11/22/67 

12/22/67 

IX>^20 «r/o PuOj I 1) 
Stainless Dummies 08) 

ix)2-2o w/o Puo^ ( a 
SUinless Dummiei 07) 

U O ^ Z D K / O PUO^ I 2) 

Stainless Dummies (171 

U02-2D w/o PuOj 
U-15 w/o Pu-10 w/o Zr 
U-15 w/o Pu-10 w/o f l 
UC-20 w/o PuC 
Structural 

UC-20 w/o PuC 
Struclural 

UOj-ZO w/o PuO; 

Structural 

Structural 

UO7-20 w/o PuO 

UO2-20 w/o PuO; 
UO2-20 w/o PuO; 
UC-20 w/o PuC 
U-Fs IMk-lAI 

Structural 

Structural 

U0;-20 w/o PuO; 

UC-20 w/o PuC 

U-Fi (Mk-IAI 

Structural 
Structural 
SIructural 
Structural and Heavy 

Metal Fission Yield 

Sample 

IX);-20 w/o PuO; 
ftjQ gPUQ 2lC 
Structural 
Graphite 

U O T - P U O ; 

(UflgPuojlC 

Structural 

Structural 
Graphite 

Structural 

Structural ( 71 

Structural 091 

Structural I 7t 

U02-25 w/o PuO; l l » 

Structural I 11 

U-15 w'o Pu-10 M/oZr 051 
U-Fs * • 
U-Fi (Mk-l l l (371 

Thermocouple Material ( Z 

Graphite ' 31 
Structural I U 
Stainless Dummies 03) 

UO^-ZS w'o PuO; 091 

UO j -Bw foPuO; 0 « 

ftJojPUo^lC 09) 

( 41 

091 

111) 

( 2» 
1 4) 

PNl 

NUMfC 

NUMEC 

CE 
ANL 

WIWC 
UNC 

( 7t 

1 31 
IS) 
( 11 

GE 
UNC 
PNl 
Pt* 

PM. 

GE 

NRL 

lO.TO 

lO.W 

6.W 

i l « 

ID? 

1.1« 

St 

l«JDO 

IttOO 

2D HO 

IIOOO 

6 J I 0 

21X0 

i.m 

JV2 

2.22« 

Z.22< 

1.1« 

l l « 

57* 

2.I0> 

21.» 

SOOO 

laf 

ion 

IM 

am 

SIOO 

NoUmH 

HAD 

w.oao 

'Accumulated exposure during March w i t 2 ^ MWd tor all subassembltes n c « 1 as noted. 

t>lrradiale<] during Run 27B only. 

cirradialed during Run 27C only. 
dNew goal as defined tiy experimenter. 
efleing consWered tor turttier exposure. 

'Terminated at end of Run 27B. 
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loaded into a c a s k for s h i p m e n t to P N L . The e n t i r e t r a n s f e r o p e r a t i o n to 
the TAN Hot Shop was p e r f o r m e d wi thin 44 h r a f t e r r e a c t o r shu tdown to 
p e r m i t P N L to m e e t i ts s c h e d u l e for r e c o v e r y and m o n i t o r i n g of s h o r t - l i f e 
flux d o s i m e t e r s . 

(b) S ta tus of I r r a d i a t i o n E x p e r i m e n t s Given A d m i n i s t r a t i v e 
A p p r o v a l - i n - p r i n c i p l e (AIP) . The p r e s e n t s t a t u s of a l l i r r a d i a t i o n e x p e r i 
m e n t s which have been a p p r o v e d in p r i n c i p l e but wh ich h a v e not been in
s e r t e d in the r e a c t o r r e m a i n s the s a m e a s given in A N L - 7 4 2 7 , p. 72, 
Tab le I .E .20 . 

(c) New E x p e r i m e n t a l S u b a s s e m b l y Des ign . Af te r the 
G e n e r a l E l e c t r i c C o m p a n y (GE) c o n c u r r e d in the d e s i g n of t he new 
M a r k - F - 3 7 s u b a s s e m b l y to a c c o m m o d a t e 37 fuel e l e m e n t s having a 
0 . 2 5 0 - i n . - d i a c ladding and w r a p p e d wi th a 0 . 0 6 2 5 - i n . - d i a s p a c e r w i r e , 
f ab r i ca t ion was s t a r t e d on the in i t i a l s ix s e t s of h a r d w a r e . 

A n a l y s i s and t e s t i n g a r e be ing p e r f o r m e d to d e t e r m i n e 
the m o s t f e a s ib l e s u b a s s e m b l y d e s i g n to a c c o m m o d a t e an i r r a d i a t i o n wi th 
capsu l e s u r f a c e t e m p e r a t u r e a p p r o a c h i n g 1200°F. Th i s e x p e r i m e n t m u s t 
confo rm wi th the c r i t e r i o n tha t the s u b a s s e m b l y effluent t e m p e r a t u r e m u s t 
r e m a i n wi thin 100°F of the a v e r a g e for the s ix ad j acen t E B R - I I s u b a s s e m 
b l i e s . This w o r k was in i t i a t ed to p r o v i d e an i r r a d i a t i o n s u b a s s e m b l y for 
the GE G r o u p 5 e x p e r i m e n t s . 

(d) O t h e r Work 

(1) M e l t - w i r e T e m p e r a t u r e M o n i t o r s . In o r d e r to 
m e a s u r e the coolant out le t t e m p e r a t u r e s , two i n n e r - b l a n k e t and four o u t e r -
b lanke t s u b a s s e m b l i e s of dep le t ed u r a n i u m have been a s s e m b l e d wi th m e l t -
w i r e t e m p e r a t u r e - m o n i t o r c a p s u l e s i n s t a l l e d in the top a d a p t e r s . T h e s e 
capsu l e s have t a n t a l u m l i n e r cups to conta in t he m e l t w i r e s . The two i n n e r -
b lanke t s u b a s s e m b l i e s wi l l be i n s t a l l e d on o p p o s i t e s i d e s of t he c o r e in 
Row 7, and the four o u t e r - b l a n k e t s u b a s s e m b l i e s wi l l be i n s t a l l e d in Rows 8, 
9, 12, and 16 in Sec to r E . All excep t the R o w - 8 s u b a s s e m b l y wi l l be u n d e r 
o u t l e t - t h e r m o c o u p l e p o s i t i o n s . The m e l t i n g po in t s of t he w i r e s in Rows 8 
and 9 a r e 845, 813, 788, and 720°F. T h o s e in Rows 12 and 16 m e l t at 813, 
788, and 720°F. 

The four o u t e r - b l a n k e t c a p s u l e s w e r e e x a m i n e d 
by n e u t r o n r a d i o g r a p h y a f t e r a s s e m b l y . Two m e l t w i r e s in edge p o s i t i o n s 
w e r e found to have been o v e r h e a t e d by a s s e m b l y we ld ing o p e r a t i o n s . One 
was an 845°F w i r e in a Row 8 or 9 s u b a s s e m b l y , and the o t h e r w a s an 813°F 
w i r e in a Row 12 o r 16 s u b a s s e m b l y . Dup l i ca t e m e l t w i r e s a r e p r e s e n t in 
each c a p s u l e , so the r a n g e of t e m p e r a t u r e s is s t i l l c o v e r e d . 
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Tests of mel t -wire and capsule compatibility were 
continued. A Type 304 stainless steel capsule containing seven melt wires 
was heated for five days at 1000°F, sectioned, and examined metallographi
cally. The reaction of the mel t -wi re alloys with the stainless steel was 
markedly reduced as compared with a s imilar capsule heated for five days 
at llOO'F. 

A stainless steel capsule with tantalum liner cups 
to contain the mel t -wire alloys was heated for five days at 1100°F. Metal
lographic exannination showed attack by a zinc vapor on stainless steel 
external to the tantalum liner, but this reaction apparently did not penetrate 
the capsule wall. 

(2) Equil ibrat ion--Internal Friction Techniques for 
Analysis of Oxygen in Sodium. The EBR-II Experimental Procedure for 
Equil ibrat ion--Internal Frict ion Techniques for the Analysis of Oxygen 
(and other interst i t ial elements) in the EBR-II P r imary Sodium was com
pleted, and distributed for review and approval. Prototype hardware has 
been prepared for flow tes ts for measurement of the effect of the equilibra
tion capsules upon the subassembly outlet flow. 

(3) Miscellaneous. Temperature distributions in 
EBR-II Mark-II prototype-element irradiation capsules in experimental 
Subassembly X029 were calculated by use of the HECTIC II code, and the 
data were tabulated for use in experiment evaluation. 

(4) Utilization of Radiation-induced Changes in Silicon 
Carbide to Measure Tempera tures in EBR-II A proposal is being prepared 
for an experiment to test the silicon carbide-change method of subassembly 
tempera ture measurements in EBR-II. The use of this method has been 
reported in 

Martin, W. H., and Pr ice , A. M., Determination of Irradiation Tem-
pera ture in Graphite Irradiation Experiments in the Dounreay Fast 
Reactor , UKAEA, TRG Report 1117(C) (1966). 

Thorne, R. P . , Howard, V. C , and Hope, B , Radiation- induced 
Changes in Porous Cubic Silicon Carbide, UKAEA, TRG Report 
1024(C) (1965). 

The degree to which annealing causes silicon car
bide to recover from irradiation-induced changes (in dimensions, thermal 
conductivity, and e lect r ical conductivity) is linear with annealing tempera
ture above the i rradiat ion tempera ture . No recovery takes place below the 
i rradiat ion t empera tu re . By plotting measurements of a physical property 
(e.g., dimension) against annealing tempera ture , the irradiation t empera 
ture may be determined at the intersection of the recovery curve and the 
constant physical property curve. 
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Work at Oak Ridge National Laboratory (ORNL) 
has shown that irradiation temperatures deduced from dimensional changes 
in irradiated silicon carbide correspond to actual measurements of i r r a 
diation temperature within 5°C. The coming ORNL mater ia l s i rradiat ions 
in experimental Subassemblies X034 and X035 will utilize silicon carbide 
monitors within the irradiation capsules. 

(ii) Nondestructive Testing 

(a) Capsule Examination. Twenty-five Mark-B-37-type 
encapsulated Mark-II driver-fuel replacement capsules for experimental 
Subassembly X029 were X-rayed, and 22 were rejected for insufficient 
wall thickness on capsule closure welds. The sponsor has proposed a de
sign change for the closure weld that should assure a uniform wall thickness. 

Idaho Nuclear Corp. delivered seven Mark-B-7 
structural-type capsules to be irradiated for mater ia ls fatigue studies in 
experimental Subassembly X037. 

One Mark-A-19 fuel capsule intended for inclusion in 
the reconstituted experimental Subassembly XOll was received from Los 
Alamos Scientific Laboratory. Tungsten inclusions were identified in the 
closure weld by X-ray examination. The capsule will be returned to the 
sponsor for repair . 

Pacific Northwest Laboratory delivered five Mark-A-19 
fuel capsules for inclusion in reconstituted experimental Subassembly XOll . 

Numerous X rays have been taken of the lower ends of 
driver-fuel elements from cold-line production to study the stat is t ical occur
rence of clad swelling in the vicinity of the lower spade. 

(b) Neutron Radiography. Neutron radiographs of uni r ra
diated driver-fuel elements were taken at TREAT to develop the proper 
technique for radiographing radioactive elements. 

(c) Antimony-Beryllium Neutron Source for Neutron Radi-
ography in FCF. A freshly irradiated antimony metal source was obtained 
from MTR on March 25. With this source, tes ts were made of the antimony-
beryllium neutron source in the EBR-I maintenance cell. The objectives of 
these tests were to determine the effectiveness of different collimator de
signs in promoting image sharpness , to select the collimator for initial use 
in the FCF, and to make neutron radiographs of actual experimental capsules 
(unirradiated) for demonstration purposes, simulating as closely as possible 
the conditions for radiography in the FCF argon cell. 
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(iii) Handling and Examination 

(a) Irradiated Capsules from Experimental Subassem
bly XOl 1. Leak testing of capsules from experimental Subassembly XOll 
by ANL and GE (HOV-4 and F4F, respectively) was delayed. GE expects 
to complete the testing of Capsule F4F during April; however, ANL cannot 
continue work on Capsule HOV-4 until hot-cell renovations a re completed. 

The remaining capsules from Subassembly XOl 1, which 
have been inspected and are awaiting return to the reactor to complete their 
exposure, a re stored in the FCF Air Cell. ANL Capsule SOV-7 was recently 
bent; the cause is unknown. A new storage container which completely en
closes the experimental capsules was fabricated and now contains the cap
sules in the Air Cell. Arrangements are in progress to return SOV-3 from 
ANL-MET to replace the damaged SOV-7 which will be returned for 
examination. 

(b) Testing of Subassembly Sodium-removal Procedure 

(1) Cyclical Testing of Stressed Capsules of Type 304 
Stainless Steel. Experimental Subassembly X900, containing the p r e s s u r e -
s t ressed tubing samples, received safety and operational approval for a 
position in Row 7 and an exposure of about 0.5 x 10 nvt. 

Metallurgical examination of sample tubes following 
the fourth cycle of sodium exposure and cleaning is in p rogress . P re l imi 
nary resul ts indicate no changes in the Type 304 mater ia l in any of the 
exposure-cleaning cycles, 

« 
(2) EBR-II Subassembly Recycle Test. A spent 

driver-fuel subassembly, C-278, is being subjected to a special recycle 
test in which it is taken from the pr imary sodium through the washing pro
cedure and back into the p r imary sodium. The subassembly has completed 
two cycles and has been returned to the pr imary sodium for the third t ime. 
Five cycles are planned. Data from examination of the element cladding 
will complement information from the X900 test. 

(3) Electromagnetic Equipment for the In-cell Testing 
of Sodium Bonds in Irradiated Capsules. The mechanical design of the in-
cell equipment was completed. The electronic components for the Mark-A 
capsule design are essential ly complete (see ANL-7427, p. 75). Work is in 
p rogress on the electronic components for inspection of Mark-B-37 capsules 
(or elements) . 
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(c) Equipment for FCF In-cell Neutron Radiography. The 
mechanisms for capsule and foil positioning to be used in conjunction with 
the Sb-Be neutron source were received from the vendor. They were a s 
sembled in the FCF mockup area for testing prior to installation m the cell. 

(iv) Safety Review of Experiments . The EBR-II Irradiation 
Review Committee (IRC) acted on the following experiments: 

(1) Experimental Subassemblies X034 and X035, both 
containing structural mater ia ls from ORNL, were recommended for r e -

tor safety and operational approval. 
ac 

(2) A single capsule from GE, containing mixed-oxide fuel 
from Group EIH, was judged unacceptable for irradiation because of a sec
tion of reduced thickness in the capsule wall. 

(3) Experimental Subassembly X900, containing p re s su r 
ized Mark-B-37 tubes for investigation of possible deleterious effects due 
to sodium removal by water washing, was recommended for reactor safety 
and operational approval. 

(4) Experimental Subassembly X036, containing 19 mixed-
oxide fuel capsules of GE's Group 8B, was recommended for reactor safety 
and operational approval. 

(5) A group of replacement capsules for experimental 
Subassembly X029 was reviewed with regard to weld-thickness accept
ability below the normal limit of 90%. The IRC judged the capsules to be 
unacceptable. 

(6) Driver-fuel Subassembly C-291 was requested to be 
extended in burnup from the present 1.2 a/o to a maximum of 1.3 a/o in 
light of the supporting information available. The IRC recommended that 
C-291 be extended in burnup as requested. 
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o. FCF Proces s Analysis and Testing (M. J. Feldman) 

Last Reported: ANL-7427, p. 76 (Feb 1968). 

(i) Test and Analytical Methods. Two heated vacuum chjimbers 
are being built to leak test i r radiated fuel elements or experimental cap
sules inside the shielded ce l l s . These will be utilized for leak testing 
suspect elements or capsules as described in the P rogress Report for 
December 1967, ANL-7403, p. 76. The driver-fuel test chamber is ready 
for installation. Out-of-cell wiring and piping are being installed. Design 
of the experimental capsule test chamber is complete. 

Crit icali ty approval has been obtained for the use of the 
neutron radiography system in the argon cell . 

p. FCF Experimental Support--Hot Fuel Examination Facility 
(HFEF)--Feasibi l i ty and Cost Study (N. J. Swanson) 

Last Reported: ANL-7399, p. 85 (Nov 1967). 

A summary of the HFEF conceptual equipment components, 
design c r i t e r ia , and development i tems was prepared to enable a com
parison of HFEF with the Fas t Flux Test Facility (FFTF) iner t -gas hot-
cell complex, as requested by DRDT. A meeting was held with Pacific 
Northwest Laboratory personnel at Richland to review the summary and 
establish a common list for comparison purposes at the next H F E F - F F T F 
coordination meeting, scheduled for April 2 and 3. 

The main efforts of HFEF personmel have been directed toward 
refining the conceptual design in order to a ssure a strong technical base 
for initiating Tit le-I act ivi t ies. Efforts have also been directed toward the 
establishment of the H F E F / F C F interface and the defining of the functional 
requirements including those to be provided by FCF. 

q. Superheater and EM Pump Study and Test (R. A. Ja ross ) 

(i) Superheater Vibration Study 

Last Reported: ANL-7427, pp. 76-78 (Feb 1968). 

Operational cycling (e.g., startup and shutdown) of the 
superheater is considered significant in that long-term creep effects might 
al ter the vibrational charac te r i s t i cs of the tubes. For example, at the 
'•BOO'E operating tempera ture , c reep relaxation of the tensile s t r e s s e s 
would decrease the axial load, which would decrease the natural frequency 
of the tube. 
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Creep data* for a 2.5% Cr -1% Mo steel (Croloy) at 1112°F, 
as characterized by the secondary creep ra te , can be represented by 

r ^ - (-^S'\ ( T ^ l h r ) , (1 ' 
^ dt \30,9J 

w h e r e d c / d t is c r e e p r a t e in s t r a i n / h r and a i s s t r e s s in t o n s / i n . ^ 

At des ign o p e r a t i n g cond i t i ons (~60°F t e m p e r a t u r e dif-
f e r e n c e be tween she l l and tube) and l / l 6 - i n . u p s e t of the s h e l l , the t e n s i l e 
s t r e s s in the t ubes is 2240 p s i . The c r e e p r a t e at the d e s i g n s t r e s s f r o m 
Eq 1) ( a s s u m i n g th is law ho lds a l s o at ~800°F) is 1.12 x 10 " s t r a i n s / h r . 
Even at a cons tan t s t r e s s of 2240 p s i , the s t r a i n p e r 10,000 h r (~1 yr ) i s 
only 0 00001%. T h e r e f o r e , wi th in the l i m i t s of t h i s s tudy us ing the a v a i l 
able c r e e p da ta , we can conc lude tha t c r e e p wi l l have a neg l ig ib le effect on 
the v i b r a t i o n a l c h a r a c t e r i s t i c s of the t u b e s . 

r . R e a c t o r I m p r o v e m e n t s , N u c l e a r I n s t r u m e n t T e s t F a c i l i t y 

Study (B. C. C e r u t t i ) 

L a s t R e p o r t e d : A N L - 7 4 1 9 , p . 73 ( Jan 1968). 

B e c a u s e of a p h y s i c s t e s t p r o g r a m dur ing the beginning of 
Run 27, g a m m a - f l u x mapp ing of the 01 i n s t r u m e n t t h i m b l e w a s p o s s i b l e 
only at a r e a c t o r power of 30 MWt. F i g u r e I I .E .12 is a plot of the da ta 
t aken The r e a c t o r had been a t 30 MWt for a p p r o x i m a t e l y two d a y s . The 
m a x i m u m g a m m a read ing was 2.44 x 10^ R / h r . The t h i m b l e t e m p e r a t u r e 
was 120°F. The f igure a l s o shows da ta t a k e n in the t h i m b l e five days p r e 
v ious ly when the r e a c t o r w a s shut down. 

s . F e a s i b i l i t y Study of F u e l F a i l u r e D e t e c t i o n - - C h e m i c a l and 

M e c h a n i c a l Methods 

(i) T r a c e E l e m e n t s A n a l y t i c a l T e c h n i q u e s (C. E . C r o u t h a m e l ) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , pp . 78-79 (Feb 1968). 

An a d s o r p t i o n t echn ique is be ing c o n s i d e r e d a s a m e t h o d 
for ident i f ica t ion of t agged e l e m e n t s . A scou t ing e x p e r i m e n t w a s p e r f o r m e d 
to t e s t the u s e of a l u m i n a a s a s u b s t r a t e m a t e r i a l for a d s o r p t i o n of t agged 
e l e m e n t s f r o m l iquid s o d i u m . The ob jec t ive of the e x p e r i m e n t w a s to o b 
ta in qua l i t a t ive i n fo rma t ion on the d i s t r i b u t i o n of s e l e c t e d t a g g e d e l e m e n t s 
be tween sod ium and the a l u m i n a s u b s t r a t e . 

I r r a d i a t e d s a m p l e s of h i g h - p u r i t y gold and a n t i m o n y w e r e 
d i s so lved in l iquid s o d i u m to a c o n c e n t r a t i o n l eve l of about 10" a / o for 

* Edmunds, H. G., Repeated Cyclic Strains, Proc. Instn. Mech. Engrs., 1965-66, 180, pt. 31; pp. 373-379. 
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each tag The sodium, at a temperature of 400''C, was in contact with a 
high-density alumina tube for a period of 2 hr . Sodium samples taken be
fore and after exposure to the alumina substrate were counted to determme 
the relative t racer contents. A portion of the alumina substrate was also 
surveyed for radioactivity. No attempt was made to differentiate between 
the activities of gold and antimony. About 10% of the total activity was found 
on the alumina substrate and about 80% in the sodium; the remainder was 
apparently adsorbed on the interior of the metal crucible. 

The alumina did not appear to be wetted by the sodium. 
Thus, conditions may have been unfavorable for the adsorption of the tagged 
elements on the substrate. In future experiments, the factors that ^niluence 
the adsorption character is t ics of substrate mater ia ls will be studied Alu
mina and/or beryllia of various porosit ies will be contacted with sodium 
containing the tagged elements, and the effect of porosity on adsorption will 
be evaluated. 

(ii) Tag Confirmation Study (F. A. Cafasso) 

Last Reported: ANL-7427, p. 79 (Feb 1968). 

Design of the small -scale experimental loop for evaluating 
the chemical stability of tags in circulating sodium continues. Purchase 
orders for magnetic pumps, flowmeters, and s t ructural steel components 
have been placed, but delivery is not expected before June 1968. 

(iii) Mechanical Failed-fuel Locator (E. Hutter) 

Last Reported: ANL-7427, pp. 79-80 (Feb 1968). 

Layout drawings of the prototype failed-fuel locator have 
been completed. Detailed drawings are being prepared. 

Layout drawings of the test rig for the prototype failed-fuel 
locator also are being prepared. Specifications have been prepared for a 
sodium pump and flowmeter to be used with the test r ig. 

t. EBR-II Materials--Coolant Compatibility (J. E. Draley) 

Last Reported: ANL-7403, pp. 83-84 (Dec 1967). 

(i) Tube-burst Tes ts . The stainless steel cladding of an ex
perimental fuel rod was cracked following in- reac tor exposure to sodium. 
This cladding is one of a number that \^ere fabricated of seamless tubing. 
A laboratory program is being started to examine the possibility that 
localized attack will occur on this type of tubing (as compared to normal 
welded tubing) when exposed to reactor-quali ty sodium. The program will 
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study conditions of heat t reatment , surface preparat ion, and deformation 
that might be in effect during and following reactor exposure. 

Pre l iminary to tube-burst tes ts of the i r radiated tubes r e 
covered from the SURV-I subassembly, specimens of unirradiated blanket-
rod tubing have been tested in a specially prepared rig. The tes ts indicate 
that at least three different heats of blanket-rod tubing are in stock. 

At failure, all the tubes bulged to approximately 150% of 
the original diameter in the ruptured region. All tubes failed by splitting 
longitudinally for a distance of approximately 2 tube d iameters . The split 
tubes were photographed, and data a re being retained for comparison with 
failures in the i r radiated tubes. 

(ii) Diffusion Studies (F. A. Cafasso) 

Last Reported: ANL-7403, p. 84 (Dec 1967). 

The question has been raised as to whether Type 304 stain
less steel , which may contain up to 0.5% t ramp copper, behaves in liquid 
sodium systems as a source or sink for copper. Accordingly, information 
on the diffusion rate and distribution of copper in liquid sodium-stainless 
steel systems is being sought. 

Initially, rough measurements of the rate of copper dif
fusion will be made in the range from 500 to 800°C to determine at what 
t empera tures equilibrium measurements may be pract ical . Tantalum cap
sules have been fabricated in which a coil of stainless steel foil can be 
suspended in liquid sodium. In a test experirftent car r ied out at 650°C, it 
was found that molten sodium flowed into the narrow spaces between the 
many layers of a coil made of 2-in.-wide by 1-mil-thick Type 304 stainless 
steel foil. This demonstrated that a very large area of stainless steel, 
needed because of the expectedly low diffusion ra te , could be bathed in a 
relatively small volume of liquid sodium. 

2. Outside Fuel Procurement (C. E. Stevenson) 

Last Reported: ANL-7419, p. 76 (Jan 1968). 

A group of 20 samples of fuel-element tubing, secured from the third 
qualification lot of tubing delivered to Aerojet-General Corp. by the Matthey-
Bishop Co., was subjected to mechanical-property testing by a commercia l 
testing laboratory. Results of these tes ts a re summarized in Table II.E.14. 

P rope r t i e s of these samples are quite uniform, and a re well within 
the specification requ i rements . 
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TABLE I I .E .14 . Mechan ica l P r o p e r t i e s of EBR-I I F u e l - e l e m e n t Tubing 

(Type 304L S t a m l e s s S tee l , Welded. 0 . 1 7 4 - m . OD x 0 .009- tn . Wall) 

Type of Tes t A v e r a g e 

T e s t R e s u l t s Spec i f i ca t ion 

Range R e q u i r e m e n t s 

Tens i l e {ASTM A370-65) 
a) At 0.02 i n . / m i n S t r a i n R a t e ; 

Yield S t r eng th , ps i . a 0.2% 3 , 7 0 0 - 4 8 , 4 0 0 30,000 m m 

Offset • 95 ,800-99 .500 75 ,000-105 ,000 
Ul t ima te S t reng th , psi ^^- 56 .0 -63 .5 50 min 
Elongat ion , % 

b) At 0.2 i n . / m i n S t r a in Rate to 
Yield, 0.5 i n . / m i n above Yield 

Yield S t r eng th , p s i , ^ 0.27B 
Offset 

41.800 40 ,700-47 .400 
•a 96 200 95 ,000-97 ,500 

Ul t ima te Str jmgth, ps i» '^^'^"^ 53 .5 -61 .0 

8.420 

148 

Elongat ion 

B u r s t P r e s s u r e , ps i 

H a r d n e s s . V i c k e r s , 0.5-kg load 

F l a r i n g Tes t (ASTM A450-66) All p a s s 

R e v e r s e F la t ten ing Tes t (ASTM A450-66) All p a s s 

8 ,200-8.600 7,500 min 

143-152 168 m a x 

P a s s 

P a s s 

a c a l c u l a t e d for nomina l tubing c r o s s sec t ion . 

3. Operations--Reactor Plant (G. E. Deegan) 

Last Reported: ANL-7427, pp. 82-83 (Feb 1968). 

a Operations. The reactor was operated for 293 MWdt inRuns 27B 
and 27C during March. Each run was terminated after the detection of an 
increase in fission gas activity in the pr imary cover gas (see Sect. l I .E. l .b) . 
Two previously suspected experimental subassemblies had been reinserted 
in the reactor for these runs: XG05 was present during Run 27B, and XA08 
during Run 27C. A positive identification of the source(s) of the fission gas 
has not yet been made. The cumulated total of EBR-II operation is 
16,117 MWdt. 

Following reactor startup for Run 27B on March 1, the power-
reactivity decrement was measured as 41.2 Ih at 45 MWt with control rods 
banked at 12.00 in. Steady power operation at that level continued until 
March 5, when one of the above-mentioned fission gas re leases was de
tected during a test with reduced power and normal outlet coolant tempera
ture (constant-AT test). Run 27B was terminated, and experimental 
Subassembly XG05 was removed and replaced by XA08. 

Other loading changes for Run 27C proceeded normally until 
binding was encountered at the 70.6-in. elevation while loading a surveillance 
subassembly in core position 5-D-4. This position is between control rods 



Nos. 2 and 3. A special dummy subassembly with a smooth contour at the 
bottom edge of the hex can was fabricated and then inserted in core position 
5-D-4 without difficulty. This dummy subassembly was then successfully 
replaced with a standard dr iver subassembly. A subsequent attempt to in
se r t a half-worth driver subassembly in position 6 -E- l also nnet with bind
ing at the 70.6-in. elevation, and a depleted-uranium blanket subassembly 
which had been reworked to smooth the bottom edge of the hex can was then 
inserted normally into this position. Control rods Nos. 2 and 3 were lifted 
clear of their thimbles and re inser ted with no indication of interference. 

Before the startup of Run 27C, timed rod drops were conducted 
on control rods Nos. 2 and 3 both with and without the sc ram air a ss i s t . The 
resul ts of these tes t s were normal and indicated no significant thimble de
formation or interference. 

After the startup of Run 27C on March 7, the power-reactivity 
decrement at 45 MWt was measured as 37,3 Ih with control rods banked at 
12.5 in. Reduced-flow, constant-AT experiments were begun on the after
noon of March 8. During the ensuing 64-hr period, six reactor sc rams 
occurred at varying reactor power levels and pr imary system flows. Each 
was initiated by a high rate of change of pr imary-system-flow interlock 
which resulted from rapid flow perturbat ions. During this time an attempt 
was made to complete the physics experiments , and the pump system and 
controls were under constant surveil lance. On the morning of March 11, 
while the reactor was operating at a power level of 30 MWt, radiometric 
analyses of p r imary -cove r -gas samples indicated that a very small fission-
product gas re lease had occurred. The reactor was operated for several 
more hours to confirm the re lease , and then Run 27C was terminated. 

« 
The pr imary-pump-cont ro l circuitry was checked with the 

ass is tance of a field service engineer from the manufacturer of the pump-
control equipment. The eddy-current clutch-current controller which 
appeared to be malfunctioning for pump No. 2 was removed and replaced 
by a modified controller which was available. P r imary-pump operation 
since that t ime has been relatively stable, with no sign of a controller 
malfunction. 

Loading changes for Run 27D were completed on March 29. 
Table II.E.15 summar izes loading changes during March. 

b. Operational Support and Maintenance 

(i) Repair of Fi re Damage and Cleanup in Sodium Boiler 
Plant. The piping in the secondary-sodium sampling system which was ex-
posed to the fire was washed with 5% acetic acid and rinsed with deminer-
alized water . Sections of pipe and tubing that were covered with deposits of 
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TABLE I I .E .15 . Loading Changes in EBR-I I dur ing M a r c h 1968 

Grid 
Pos i t ion Removed Ins t a l l ed C o m m e n t 

3 /1 /68 

3 /1 /68 

3 /1 /68 

3 /1 /68 

3 / 1 / 6 8 

3 /1 /68 

3/6/68 

3/6/68 

3/6/68 

3/7/68 

3/7/68 

3/7/68 

3/7/68 

3/20/68 

3/20/68 

3/21 /68 

3 /21 /68 

3 /21 /68 

3/28/68 

3/28/68 

3/28 /68 

3/29/68 

3/29/68 

3/29/68 

3/29/68 

3/29/68 

3/29/68 

3/29/68 

4 - C - 2 

4 - F - 3 

5 -C-2 

6-C-4 

14-D-8 

6 -A- l 

4-A- 1 

4 - E - l 

5-D-4 

6 - E - I 

5-D-4 

4 - C - 2 

4 - F - 2 

4 - F - 2 

2 - F - l 

3 -B-2 

3 - F - l 

7-A-4 

6-D-4 

6-A-3 

6-C-2 

5-A- l 

6-C-3 

6-E-2 

6-A-5 

4 - C - 2 

6-A-2 

6 -B-4 

C-2003 

C-2064 

C-2038 

B-382 

U-1455 

B-3000 

C-2036 

C-2027 

C-295 

XO30 

E-82 

XG05 

C-2007 

XA08 

C-2005 

C-2007 

C-2031 

A-812 

B-354 

B-356 

B-357 

L-447 

B-358 

B-359 

B-360 

C-2003 

B-352 

B-355 

XG05 

C-2127 

C-2128 

B-389 

U- I I46 

B-372 

C-2134 

C-2135 

E - 8 2 

A-788 

C-2061 

C-2003 

XA08 

C-2007 

C-2009 

C-2124 

C - 2 I 2 1 

X900 

B-377 

B-382 

B-383 

L-454 

B-378 

B-379 

B-380 

C-2006 

B-381 

B-388 

Ins ta l l ed for l eakage t e s t 

I r r a d i a t i o n comple ted 

Removed because of suspec ted 

leakage 

Ins ta l l ed for l eakage t e s t 

Removed b e c a u s e of suspec ted 
leakage 

^ A - - D e p l e t e d - u r a n i u m inne r -b l anke t s u b a s s e m b l y . 
B - -Row-6 - type d r i v e r fuel s u b a s s e m b l y . 
C - - D r i v e r - f u e l s u b a s s e m b l y . 
E - -Spec i a l dummy s u b a s s e m b l y . 
L - - C o n t r o l - r o d s u b a s s e m b l y . 
X - - E x p e r i m e n t a l subas sembly . 
U - - D e p l e t e d - u r a n i u m ou te r -b l anke t s u b a s s e m b l y . 

Removed s u b a s s e m b l i e s w e r e 
suspec ted of leakage because 
they m a y contain e l e m e n t s 
with s e a m l e s s - t u b e cladding 



sodium oxide were checked with dye penetrant for cracks or other damage. 
There was no indication of any damage. Tubing between the plugging valve 
and economizer in the plugging meter system was replaced, and the tubing 
was sent to ANL-MET for inspection. The tubing was found to be sa t i s 
factory without any indication of corrosion or other abnormali t ies . 

(ii) Fuel Unloading Machine (FUM). The argon line between 
the FUM vapor t rap and the FUM gas outlet nozzle was removed and 
cleaned to remove sodium deposits. The sodium drip catcher was r e 
moved from the rotating port and cleaned. 

(iii) Secondary Sodium System Valve, SN- 17. The bellows whose 
failure required replacement of the valve SN- 17 on Fabruary 9, 1968, was 
removed from the valve body, cleaned, and inspected. A pin hole was 
found near the top of the bellows. The bellows was sent to ANL-CEN for 
further inspection and failure evaluation. 

(iv) Secondary Sodium Sampling System. The supply valve to 
the secondary-sodium sampling station was replaced with a new 1/2-in. 
Nepro bel lows-sealed valve with backup packing. The original valve did 
not contain backup packing and was not considered to be satisfactory for 
this application. 

c. Operator Training. Two technicians were qualified, and one 
final written examination and one final examination for requalification were 
successfully completed. 

Lectures and films on the propert ies and hazards of sodium 
were prepared and presented to operations maintenance and other selected 
personnel . P repared printed mater ia l on sodium which summarizes the 
lecture was given to each person. Books of photos of plant incidents were 
prepared and made available to operating personnel. 

d. Operating P rocedures . Revisions to the Makeup Water De-
mine ra l i ze r s , Blowdown Deminera l ize rs , and Emergency Procedures sec
tions of the Operating Manual were completed. Reviews of the Unrestr icted 
Operation and Abnormal Conditions sections of the Fuel Handling Division, 
the Argon Purification System, and the Special Procedures section of 
Division II a re in p r o g r e s s . 

A revision to the Operating Information Book which covers 
operation of the heater control lers for the large and small rotating seal 
plugs was issued. Drafts of procedures for operation of the emergency 
argon manifold in the reactor building and for manual control of the p r imary-
tank argon-blanket p r e s s u r e were completed. 

The secondary sodium system drawing, showing induction and 
res i s tance heating locations and thermocouple control and readout points. 
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and the secondary sodium purification system flow diagram, including ^he 
cooling water and Dowtherm sys tems, were reviewed and updated. Power 
plant, reactor auxiliary systems, and argon cooling system diagrams were 
also reviewed and updated. 

Preparat ion of on-station posted operating procedures continues. 

4. Operat ions--Fuel Cycle Facility (M. J. Feldman) 

Last Reported: ANL-7427, pp. 83-91 (Feb 1968). 

a Hot Line Operation. Production activities in the hot line have 
been resumed. Some of the operational steps had been previously suspended 
as a result of measurements which showed deformation of the element 
jacket at the lower end (see ANL-7427, p. 84). A new inspection step has 
been added to measure the diameter of the jackets at the junction of the fuel 
and the lower tip. A temporary maximum diameter of 0.177 in. has been 
set as the upper limit for acceptability. This diameter is the maximum that 
would be obtained if the largest acceptable jacket diameter , jacket wall 
thickness, and tip diameter were combined. Initial resul ts from mspection 
of hot-line-produced elements indicate that less than 4% of the elements will 
be rejected as a result of being oversize . Metallographic examinations show 
that there is very minor wall thinning of the jackets at this maximum diam
eter It IS recognized that this limit (0.177 in.) is on the conservative side 
and experiments are continuing to help define a more rea l is t ic , and possibly 
larger, acceptable diameter at this point [see item f. (m) belowj. 

Additional runs were being made to produce 70% enriched fis-
sium elements for use in the experimental p rograms . Chopped pins of 70% 
enriched fissium were blended by melting with a uranium-2 w/o silicon 
alloy to increase the silicon content of this alloy to about 300 ppm. The r e 
sultant alloy was then processed into acceptable elements . Table II.E.16 
summarizes the productive activities for the report period. 

b. Cold Line Operation. A summary of the month's production data 
is given in Table II.E.17. 

Normal production activities in the cold line are continuing. A 
new inspection step has been added to measure the diameter of the jackets 
at the junction of the fuel and the lower tip. A temporary maximum diam
eter of 0.177 in. has been set as the upper limit for acceptability. This 
diameter is the maximum that would be obtained if the largest acceptable 
jacket diameter, jacket wall thickness, and tip diameter were combined. 
Initial results from inspection of cold-line-produced elements indicate 
that approximately 8% of the elements are expected to be rejected as a r e 
sult of being oversize. Metallographic examinations show that there is 
very minor wall thinning of the jackets at this maximum diameter . It is 
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TABU H.LIA. Production Sufflmiry lor HDl line 
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From IrradJated Subissembliei 
Rejects 
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11. Elements WeliMi 
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12. Elemenls Leak-tested 
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Rejected 

13. Elements Bonded (including recycle) 

14. Elemenls Bond-lesled 
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li Elements to Surveillance 
Number of Subassemblies 

)'l/68 thnugft 

mim 

4 

OS 

KO 
0 

9D 

HB 

a 
0 

• 

Torn 
TXII VM 

a 

i.i« 
in 

a 

vm 
II 

u n 

tlM 
n 

m 
a 

lb. Cans to Burial Ground 
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1 Alloy Praparation Run: 
New Fuel 
RemcRs 
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2 ln)ection-C8itinq Runs 

J. Pins Processed 
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4. Elemenls Welded 
Eiements RewehM 

5. Elements Leak-lesled: 

RejKted 

ft. Elements Bond-tested: 
Accepted 

Rejected 

7 SubassemNies Fabricated 

& SubBtnmMics Sent to Rttclor 

VU6B through VZVU 

l « 3 
13 

4.116 
130 



recognized that this limit (0.177 in.) is on the conservative - ^ i . ^ - ^ J / ^ f / ' -
ments are continuing to help define a more real is t ic and possibly l a rger , 
acceptable diameter at this point [see item f. (in) belowj. 

Addition of silicon to the vendor-produced ingots continues The 
silicon was added in the form of a uranium-2 w/o silicon alloy or ^y blend
ing of heels from previous injection-casting runs with the ingots. T̂ ê heels 
contain higher concentration of silicon as a result of small pieces of Vycor 
that become entrapped in the heels at the conclusion °\^^^^.^"^^^'^HfZ^^, 
casting runs. Because this silicon is not homogeneously mixed in the heel, 
Trepr^esentative sample cannot be obtained. Analytical — " ^ f ^^^^^^^^ 
from castings in which heels were used indicate a silicon content 10 to 15/o 
(30 to 50 ppm) above that calculated on the basis of samples of the charge 
mater ia l including heel. 

The results of previous experiments involving the addition of 
silicon metal (as powder or granules) to the charge mater ia l in an alloy-
preparation run have shown that with liquation periods of 1 to 4 hr at 
1350 + 50°C the percentage of charged silicon that is found in the product 
is -86 + 2%. The desired silicon content for these experiments ranged 
from 400 ppm to 2 w/o. 

Experiments a re continuing to determine the yield of silicon in 
the product when the silicon is added as a uranium alloy containing 1 to 
2 w/o silicon. 

Transfer of irradiated EBR-II subassemblies to the Idaho 
Chemical Processing Plant (ICPP) will be accomplished by means of a top-
loading and -unloading cask which employs water to cool the contained sub
assembly convectively. A heat test of the cask was conducted with a 
low-thermal-output subassembly (total fission-product decay heat of about 
275 W). The test consisted of filling the cask with demineralized water, 
loading the subassembly into the cask from the air cell, and reading the 
temperature of the water at four points along the length of the cask. The 
test results showed that temperature equilibrium was reached at about 
24 hr after insertion of the subassembly into the water-fi l led cask and that 
natural circulation of the water coolant had occurred. At equilibrium the 
temperature of the coolant was about 81°F near the bottom portion of the 
subassembly and about 89''F toward the top portion of the subassembly 
(initial temperature of the coolant was about 68°F). When i r radiated sub
assemblies having higher fission-product decay heat outputs (outputs of 
600 to 700 W and outputs of the order of 1000 W) become available, further 
heat tests will be made. Until these tes ts at higher heat outputs a re com
pleted, the cask will not be approved foT subassembly t ransfers to the 
ICPP. 

c. Maintenance and Repair . Two operating manipulators were 
removed from the argon cell for replacement of broken pins in the car r iage 
drive gear train. 
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A problem with loss of power to the air-cel l crane has recur red . 
This problem resul ts f r o m a l o s s of e lect r ical contact of the bridge pick-up 
brushes with the overhead bus bars (see P r o g r e s s Report for September 1967, 
ANL-7382, p. 8), Coating of the brushes with a conductive lubricant pro
vided a temporary solution. A more permanent solution to this problem is 
being sought. 

d. Operator Training. Rotation of personnel to new work ass ign
ments was car r ied out to provide on-the-job training. 

e. Operating Manuals and Reports . During the past month, two r e 
vised sections of the manual were submitted for review and acceptance. 
Seven sections or parts of sections which are approved for issuance are in 
various stages of preparat ion. Eleven modifications or changes to approved 
sections were issued. 

f. Analyses 

(i) Chemical Analyses. The number of fuel-product analyses 
on hot-line, cold-line, and vendor fuel samples, together with the average 
value and range, are tabulated below. 

Analyzed for Number Average Value Range 

U (total and isotopic) 28 
U (total) 94.57 w / o 9 4 . 0 2 - 9 5 . 3 3 
" 'U {% of total U) 52.13 w / o 51 .58 -52 .47 
Pu (total and isotopic) 7 
Pu (total) 1125 / jg /g 386-1575 
Mo 30 2.53 w / o 2 . 44 -2 . 65 
Ru 28 l . « O w / a 1 .82-2.10 
Rh 21 0.268 w / o 0 .250 -0 .284 
Pd 21 0.189 w / o 0 .167 -0 .205 
Zr 23 0.086 w / o 0 .051-0 .156 
Nb 23 0.014 w / o 0 .007-0 .017 
Fe 34 356 ppm 72-1040 
Al 6 180 ppm 135-205 
Si 44 350 ppm 55-790 
C 5 275 ppm 240-320 
Ni 21 145 ppm 38-213 
Cr 18 <28 < 1 6 - 7 9 

Total A n a l y s e s : 337 

Analyses for surveillance of irradiated pins from the r e 
actor are tabulated below. 

Analyzed 

Fe 
Al 
Si 
C 
Tc 

for Ni umber 

8 
7 

28 
7 

13 

A verage Value 

358 
180 
205 
245 
350 

(ppm) R ange (ppm) 

110-700 
6 0 - 3 9 0 
5 5 - 4 2 0 

150-475 
195-600 

Total A n a l y s e s : 63 
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(ii) P^.f^rradiation Analysis of EBR-II Fuel. All the fuel e le
ments from Subassemblies C-2111 and C-2113 which were suspected of 
T o l i l , a leak have undergone low-power irradiation leak checks in 
TREAT. 

No leaks were found; however, the background from ex
ternal surface uranium contamination would mask the ^ " ^ °/ ^^^^^^^^ 
tremely small leak. An effort was made to decontammate the ^"'^f^" "^ 
one group of the elements by use of demineralized water . This - e t h o d of 
d^Lltam'ination did not remove enough of the surface c - - - - - - ^ ^ ^ ; . 
feet the results when these elements were retested in TREAT. A m ° " ^-
active decontamination solution was not used because of th^P°;^^ ' ' ^ ^ °J 
damage to the jacket surface which would preclude the possibility of rein 
serting these elements in EBR-II for leak test purposes. 

As mentioned in ANL-7427, a silicon surveillance program 
has been formulated for EBR-II driver fuel. This proposed program, which 
IS currently being scrutinized by appropriate ANL review ' ; ° " ^ ^ " ; ^ ^ .^^ 
intended to evaluate the irradiation performance (specifically, i rradiat ion 
swelling) of U-5 w/o Fs alloy containing silicon to a maximum content ot 
920 ppm. Included in the program is fuel alloy in which silicon is not in-
tentionally added. Approximately 7 subassemblies of a total of 1 proposed 
are now available for irradiation, and the remainder a re currently bemg 
fabricated. Surveillance examinations will be conducted on these subassem
blies following EBR-II irradiation to the range of 0.9-1.2 a/o maximum 
burnup. 

Five subassemblies which were manufactured in the cold 
line have been proposed for inclusion in a fuel-surveillance program in
tended to evaluate the irradiation performance of driver fuel produced in 
the cold line. Post irradiat ion examinations would be conducted following 
fuel-burnup increments of approximately 0.6, 0.95, 1.0, 1.1, and 1.2 a /o , 
respectively. The proposed program is currently being reviewed before 
being initiated. The subassemblies are now available for i rradiat ion. 

As a part of the EBR-II Driver Fuel Anomalous Swelling 
Program, a single subassembly, C-291, has been recommended for i r 
radiation to a maximum burnup of 1.3 a/o (O.l a /o beyond the presently 
established burnup limit of 1.2 a/o). The fuel elements in this subassem
bly were fabricated from injection-casting batches 4137 (silicon content 
271 ppm) and 4142 (silicon 243 ppm), respectively. Post i r radia t ion sur
veillance examinations of elements containing fuel from these two batches 
were conducted previously when spent Subassembly C-292 was examined. 
Elements using batches 4137 and 4142, respectively, in C-292 (companion 
Subassembly to C-291) were found to have an irradiat ion swelling ranging 
from 4.1% to 5.7% following varying burnups to a maximum of 1.185 a /o . 
This low swelling shown in C-292 indicated that additional burnup could be 
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safe ly a c c o m m o d a t e d by e l e m e n t s in S u b a s s e m b l y C - 2 9 1 . Th i s a p p e a r s to 
be r e a s o n a b l e , e s p e c i a l l y s i n c e i r r a d i a t i o n swel l ing a p p r o a c h i n g a m a x i m u m 
of a p p r o x i m a t e l y 15-16% h a s b e e n o b s e r v e d in the p a s t for o the r e l e m e n t s 
which have p e r f o r m e d s a t i s f a c t o r i l y in a l l r e s p e c t s . Conriplete p o s t i r r a d i 
a t ion e x a m i n a t i o n s wi l l be conduc ted of the fuel e l e m e n t s f r o m th i s s u b 
a s s e m b l y following th i s i n c r e a s e d i r r a d i a t i o n if a p p r o v e d in o r d e r to ex tend 
the eva lua t i on of i r r a d i a t i o n p e r f o r m a n c e of the U - 5 w / o F s fuel. 

F o u r of the five s u b a s s e m b l i e s con ta in ing fuel e l e m e n t s of 
M a r k - I B d e s i g n a r e now unde rgo ing i r r a d i a t i o n in E B R - I I . I r r a d i a t i o n of 
two of t h e s e s u b a s s e m b l i e s , C - 2 1 3 2 and C - 2 1 3 3 , began at the s t a r t of Run 27, 
whi le i r r a d i a t i o n of two o t h e r s , C - 2 1 3 4 and C - 2 1 3 5 , began at a p p r o x i m a t e l y 
midway t h r o u g h Run 27. T h e s e s u b a s s e m b l i e s wi l l be i r r a d i a t e d to bu rnup 
l eve l s r ang ing f r o m 0.5 to 1.2 a / o in o r d e r to eva lua t e the i r r a d i a t i o n p e r 
f o r m a n c e of th i s e l e m e n t d e s i g n . The fifth s u b a s s e m b l y of th i s p r o g r a m , 
C - 2 1 3 6 , is in the r e a c t o r s t o r a g e ba ske t awai t ing i n s e r t i o n in the c o r e in the 
n e a r fu tu re . P o s t i r r a d i a t i o n e x a m i n a t i o n s wi l l be conduc ted on a l l e l e m e n t s 
following t h e i r p r e s c r i b e d i r r a d i a t i o n . 

(iii) P r o d u c t i o n A n a l y s i s . M e a s u r e m e n t s have been m a d e on 
e l e m e n t s f rom the hot l ine and cold l ine to d e t e r m i n e the d i a m e t e r of the 
e l e m e n t j a c k e t s at the junc t ion of the fuel and the lower plug. De fo rma t ion 
of the j a c k e t s in th i s a r e a is a r e s u l t of the i m p a c t that the fuel pin i m p a r t s 
to the lower plug dur ing bonding ( see A N L - 7 4 2 7 ) . A n u m b e r of j a c k e t s f rom 
e a c h d i a m e t e r r a n g e w e r e s e c t i o n e d and m e a s u r e d to d e t e r m i n e the amoun t 
of wa l l th inning a s a function of wal l d e f o r m a t i o n . The r e s u l t s of t h e s e 
m e a s u r e m e n t s and the r e s u l t s of m e a s u r e m e n t s of j a c k e t d i a m e t e r in the 
d e f o r m a t i o n a r e a a r e shown in F i g . I I . E . 1 3 . The nomina l j a c k e t wal l 

Fig. II.E.13. Jacket Diameters 
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t h i cknes s is 9 ± 0.5 m i l s , and the n o m i n a l j a c k e t d i a m e t e r in the r e g i o n of 

the lower plug is 0.1750 ± 0.0015 in. 

An a n a l y s i s h a s been m a d e of the m e c h a n i c a l - s t r e n g t h 
p r o p e r t i e s of the e l e m e n t j acke t a s a function of the wa l l th inning r e s u l t i n g 
iron, this de fo rma t ion . Two f a c t o r s c o n t r i b u t e to the hoop s t r e s s m the 
jacke t wal l . The f i r s t i s the s t r e s s due to i n t e r n a l p r e s s u r e which r e s u l s 

r o m t h e r m a l expans ion of the fuel and s o d i u m f r o m e x p a n s i o n of the fuel 
due to i r r a d i a t i o n swe l l ing , and f rom any r e l e a s e of f i s s ion g a s e s wi h m the 
jacket The second fac to r i s the t h e r m a l s t r e s s induced m the j a c k e t wa l l 
as a r e s u l t of the d i f fe rence m t e m p e r a t u r e b e t w e e n the i n s ide and ou t s ide 
of the jacke t wa l l . T h e s e two s t r e s s e s and t h e i r c o m b i n a t i o n w e r e c o m p a r e d 
for a r e a s of the j acke t at the d e f o r m a t i o n r e g i o n and for a r e a s of the j acke t 
whe re the fuel r e a c h e s the h ighes t t e m p e r a t u r e . T h e s e c a l c u l a t i o n s show 
that even with a combina t ion of the m a x i m u m d e f o r m a t i o n " b s e r v e d m p r o 
duction of fuel in the hot l ine (0 .1825- in . j a c k e t d i a m e t e r and 0 . 0 0 0 6 5 - m . 
d e c r e a s e in j acke t wal l t h i c k n e s s ) the t o t a l hoop s t r e s s is l e s s in the d e -
formed reg ion than in the ho t t e s t r eg ion of the fuel ( a p p r o x i m a t e l y mid leng th ) . 
This o c c u r s b e c a u s e the t e m p e r a t u r e d i f fe ren t i a l a c r o s s the j a c k e t wa l l is 
lower (28°F) in the r eg ion of the lower t i p , w h e r e v e r y l i t t l e power is gen 
e r a t e d , than in the mid leng th of the fuel e l e m e n t , w h e r e m a x i m u m power is 
gene ra t ed and the t e m p e r a t u r e d i f fe ren t i a l a c r o s s the j a c k e t wal l i s the 
h ighes t (42°F). The i n t e r n a l p r e s s u r e is a s s u m e d to be u n i f o r m ove r the 
en t i re length of the j a c k e t . B a s e d on t h e s e c a l c u l a t i o n s , the j a c k e t d e f o r m a 
tion (as seen to date) is not the d e t e r m i n i n g fac to r in a s s e s s i n g the c a p a 
bili ty of the e l e m e n t . 

A t echn ica l r e p o r t is being p r e p a r e d which r e c o m m e n d s 
i nc r ea s ing the m a x i m u m a c c e p t a b l e d i a m e t e r of the j a c k e t in the r e g i o n of 
the spade f rom 0.177 to 0.180 in. In addi t ion , s t u d i e s a r e u n d e r w a y on 
l imi ta t ion of bonding ene rgy v e r s u s a c c e p t a n c e r a t e a n d / o r the use of h a r d e r 
(unannealed) lower t i p s . 
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LIQUID-METAL FAST BREEDER REACTOR --CIVILIAN 

In-Reactor Sodium Corrosion of Vanadium and Vanadium-Titanium Alloys 
S. Greenberg, C. F . Cheng, and W. E. Ruther 

Nucl. Appl. 4, 170-172 (Mar 1968) 

Summary Review of Flowmeters Suitable for Measuring Sodium Flow at 
Tempera tures Up to 1200°F in the Fast Flux Test Facility (FFTF) 

G. F. Popper, D. E, Wiegand, and M. C. Glass 
ANL-7340 (Dec 1967) 

Problems and Precautions in Spectral-Index Measurements 
G. S. Stanford 

Neutron Thermalization and Reactor Spectra. P roc . IAEA Symp., 
Ann Arbor , July 17-21, 1967. Intern. Atomic Energy Agency, 
Vienna, 1968, pp. 37-47 
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III. GENERAL REACTOR TECHNOLOGY 

A. Applied and Reactor Physics Development--
Research and Development 

1. Reactor Code Center (M. Butler) 

Last Reported: ANL-7427, p. 93 (Feb 1968). 

New programs assimilated into the Center l ibrary include HWOCR-
SAFE from Atomics International, PERT4 from Battel le 's Pacific Northwest 
Laboratory, CINDER from the Bettis Atomic Power Laboratory, BURNUP 
from General E lec t r ic ' s Nuclear Technology Department, GGC3 from Gulf 
General Atomic, JUPITORl from Oak Ridge National Laboratory, and KAK 
and RAM from the ENEA Computer Programme Library . These programs 
are now available for distribution upon request . 

2. T h e o r e t i c a l R e a c t o r P h y s i c s 

a. C r o s s 3ec t ion Data E v a l u a t i o n (C . N. K e l b e r ) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , p . 93 (Feb 1968). 

A F o r t r a n p r o g r a m was w r i t t e n to c a l c u l a t e the p a r a m e t e r s 
fTi , I, and 7 f rom the L e g e n d r e e x p a n s i o n coe f f i c i en t s for e l a s t i c - s c a t t e r i n g 
angu la r d i s t r i b u t i o n s . The s e r i e s g iven by A m s t e r * w e r e u s e d in the p r o 
g r a m . It was found that , even for h ighly p e a k e d a n g u l a r d i s t r i b u t i o n s , the 
f i r s t 4 or 5 coeff ic ients y ie ld qui te a c c u r a t e v a l u e s for t h e s e p a r a m e t e r s . 
However , m a n y m o r e coef f ic ien t s m a y be r e q u i r e d in o r d e r to give p o s i t i v e 
angu la r d i s t r i b u t i o n s over the c o m p l e t e r a n g e of the s c a t t e r i n g a n g l e . 

A s tudy is be ing m a d e of u n r e s o l v e d r e s o n a n c e p a r a m e t e r s for 
"^U. A F o r t r a n p r o g r a m was w r i t t e n to c a l c u l a t e c a p t u r e and f i s s i o n 
c r o s s s e c t i o n s f rom a v e r a g e r e s o n a n c e p a r a m e t e r s by i n t e g r a t i n g o v e r 
the a p p r o p r i a t e s t a t i s t i c a l d i s t r i b u t i o n s . The f i s s i on and r e d u c e d n e u t r o n 
widths a r e being v a r i e d wi th e n e r g y in o r d e r to give c r o s s s e c t i o n s in 
a g r e e m e n t with e x p e r i m e n t a l a v e r a g e s ove r v a r i o u s e n e r g y r a n g e s . 

S e v e r a l m o r e E N D F / B m a t e r i a l s have b e e n p r o c e s s e d t h r o u g h 
ET(;2(E and m e r g e d wi th the c u r r e n t MC^ l i b r a r y t a p e . A l s o , a few m a t e r i a l s 
have been p r o c e s s e d which differ f rom E N D F / B in c e r t a i n r e s p e c t s , such 
as a v e r s i o n of ^^'U wi th s m a l l e r s m o o t h c a p t u r e c r o s s s e c t i o n s . 

Phys. 27, 307 (1956); Heavy Moderator Approximations in Neutron Transport Theory, ibid., 29, 623 (1958). 
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The conversion of CURVEPL(;^T to OS-360 has been completed. 

A prel iminary analysis of ^"Pu data using CODILLI and 
CURVEPL0T has been attempted. The data analyzed were the Saclay 
fission data in the energy range from 20 to 45 eV. The main purpose of 
the analysis was to test the various input and output options of CODILLI, 
and to acquire experience with the program. In the process , one option 
of the subroutine WEIGHT had to be modified somewhat in order to improve 
the fit. Since this energy range has been analyzed by F . T. Adler and 
D. B. Adler using the same program and the Bollinger data, and since the 
Saclay data are rather poor in the range from 30 to 40 eV, no attempt to 
determine resonance pa ramete r s has been made. Instead, an analysis of 
the data in the relatively unexplored higher energy range has been initiated. 

The resolution function for the Petre l data has been obtained 
and is being studied. The analysis of the Petre l data will commence as 
soon as a practical form for the resolution function has been decided upon. 

3. Nuclear Data 

a. Cross Section Measurements (C. E Crouthamel and 
N. D. Dudey) 

Last Reported: ANL-7403, pp. 103-105 (Dec 1967). 

(i) Monoenergetic Neutron Cross-sect ion Measurements . 
Neutron radiative capture c ross sections are being measured as a function 
of neutron energy between 100 keV and about 2 MeV Monoenergetic 
neutrons are produced by bombarding lithiurA targets with protons from a 
Van de Graaff accelera tor . Capture cross sections are required to evaluate 
(1) the behavior of mater ia l s proposed for s tructural or control use and 
(2) the effects of fission-product buildup upon the neutron worth in fast 
r eac to r s . The data are also useful in testing and evaluating theories of 
nuclear react ions. 

Targets of in teres t are i r radiated in the form of pressed 
pellets or metal foils. These targets usually weigh about 0.5 g, and are 
1 cm in diameter and 0.1 to 3 mm thick. The target is i r radiated with a 
gold monitor in front and in back of the target, and with a ''^U fission 
counter behind the back gold foil. The average neutron flux and average 
neutron energy are calculated from the amount of activity induced in the 
monitors , the size of the target , and the size of the neutron beam. 

A computer code is being written which will calculate the 
average flux and energy in the following manner . The activity induced in 
the two gold foils is determined from the counting data by a l eas t - squares 
method. The solid angles intercepted by the front gold foil, the back gold 
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foil, and the fission counter a re calculated from the geometry of the experi
ment, considering the dimensions of the neutron source. The number of 
incident neutrons determined from each of the three monitors is corrected 
to the effective center of the target by calculating the average solid angle 
presented by the target. The difference in the value of the flux calculated 
from the three monitors reflects relative e r r o r s in the values used for the 
'"Au and "^U cross sections, all e r ro r s associated with radioactivity 
measurements, and e r ro r s resulting from calculated solid angles. The 
total e r ror , which was determined by averaging over many targets for the 
neutron energy range from 100 keV to 2 MeV, was calculated to be ±7.4% 
for a given target. This e r ro r is largely due to a systematic difference 
of nearly 10% between the "^U monitor and the adjacent gold monitor, and 
may be the result of uncertainties in the values used for the cross sections. 
An attempt will be made to resolve this difference by checking against the 
(n,a) reaction of '°B and the (n,p) reaction of ' H , whose cross sections a re 
more accurately known. 

Van de Graaff irradiations at neutron energies between 
100 keV and 1.8 MeV were reported in ANL-7403 for the *''Y(n,7)'""^Y, 
^'V(n,7)"V, and ^^Rb(n,7)*'Rb reactions. Because the irradiat ions of 
vanadium did not include gold monitors, additional i rradiat ions have been 
performed using both gold and ^̂ Û monitors. I rradiat ions to measure the 
"Rb(n,7)^*Rb, 5''Ti(n,7)"Ti, '*Sr(n,7)«5Sr, and "Sr(n,7)^"^Sr reactions have 
also been completed, with the exception of a few irradiat ions that will 
serve as an independent check of the data. 

Most of the cross sections for the above measurements 
have been hand calculated, and final values will be reported when calcula
tions utilizing the computer code have been completed and when e r r o r 
assessments have been made. 

(ii) Integral Cros s - section Measurements . In evaluating the 
long-term behavior of reac tors , it is necessary to know fission and capture 
cross sections of the uranium and plutonium isotopes which build up through 
successive captures in the pr imary fuel isotopes. A program is currently 
being carried out to determine these ratios as a function of position in the 
core and blankets of EBR-II. The behavior of s t ructural and fuel-cladding 
materials is also of interest and is being examined by determination of 
long-lived (n,p) and (n,a) reaction products. 

The 65 samples from the first EBR-II irradiation have been 
declad and analysis has begun. Four stainless steel spacers used in the 
subassemblies have been dissolved, and are being analyzed for Ni, Co, 
'°Co, " F e , " F e , ^ \ l n , and " C r . The expected yields of these reaction 
products were previously calculated from differential c ross-sec t ion data 
and from the assumed flux and energy distribution of EBR-II. Pre l iminary 
measurements indicate good agreement between calculated and measured 
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values for the '°Ni(n,p)"'Co and ^^Fe(n,p)^Mn reactions; however, it appears 
that the calculated value for the ^*Ni(n,p)*'Co reaction is la rger than the 
measured value by a factor of ~3. A considerable variation in neutron 
intensity as a function of position in EBR-II is observed, but conclusions 
concerning the relative "hardness" of the neutron energy spectrum as a 
function of position must wait until further analyses are completed. 

(iii) Low-mass Fast -neutron Fission Yields. Information con
cerning the yields of low-mass part ic les released in fission is of consider
able importance to the development of fast r eac to r s . Tritium represents 
a bioradiological disposal problem which must be handled by the fuel-
reprocess ing scheme. Hydrogen and helium isotopes are important because 
of their interaction with the fuel matr ix and fuel-cladding mate r ia l s . The 
emission of light par t ic les in fission is also of fundamental interest to 
nuclear theory. 

An experiment to measure the yields of these part icles 
by means of part icle identification and counting of each emitted particle 
is being set up. The experimental design has been completed, electronic 
diagrams drawn, specifications of electronic equipment prepared, and the 
detectors and electronic equipment ordered. Initial measurements will 
involve evaluation of the method and a few survey experiments . For this 
purpose, a scattering tube, which consists of a simple target, a detector, 
and a neutron monitor holder, is being designed. This scattering tube will 
enable a determination of ' H , ' H , and ''He yields per incident neutron on 
^''U or ^"Pu ta rge ts . A sample of ^"Cf will be incorporated in the scattering 
tube to serve as a means of calibrating and checking out the operation of the 
system. 

b. Burnup Analysis and Fission Yields for Fast Reactors 
(R. P. Larsen) 

(i) Development of Analytical Procedures for Fiss ion-
product Burnup Monitors 

Last Reported: ANL-7419, pp. 95-98 (Jan 1968). 

(a) X-ray Spectrometric Determination of Rare Earth 
Fission Products . Measurement of burnup in fast reactor fuels by an 
X-ray spect rometr ic assay of the r a r e earth fission products is under 
development. The basic steps in the procedure are (1) addition of terbium 
(a r a r e ear th not produced in fission) as an internal standard, (2) s epa ra 
tion of the r a r e ear ths from interferences, (3) mounting of the r a r e ear ths 
on a metal plate, and (4) assaying of the fission product r a r e ear ths and 
the internal standard by X-ray spec t rometry . The effectiveness of the 
internal standard technique in achieving increased precision was reported 
in ANL-7419. For fixed amounts of r a re earths and terbium, the individual 
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ra re earth-to-terbium line-intensity rat ios were sufficiently constant to 
warrant preparation of calibration curves . 

Calibration curves have now been prepared using a 
series of 12 plates. Each plate contained 8 jdg of terbium (internal standard) 
and a total of 15 to 90 jdg of five inactive fission product r a re ear ths: 
lanthanum, cerium, praseodymium, neodymium, and samar ium. The LaLOi, 
CeLa,, PrLai , NdLa,, SmLa,, NdL^j, and TbL^i line intensities were 
measured, and line-intensity ratios (rare earth to internal standard) 
were calculated from the line-intensity data. Calibration curves (line 
ratio versus composition) were then derived from a leas t - squares data 
analysis. 

To evaluate the calibration curves prepared from this 
data, the actual concentration of each r a re earth on each plate was compared 
with that calculated using the measured line intensity and the calibration 
curve. The average relative e r ro r calculated for each r a re earth in the 
range from 30 to 90 ^g is as follows: lanthanum, 1.9%; cerium, 1.6%; 
praseodymium, 1.1%; neodymium, 1.1%; and samarium, 1.1%. Below 30 fjg 
the e r ro r s were somewhat larger due to low line intensit ies. 

Typical results were as follows: 

Amount (^g) 

Rare Earth Present Found 

Lanthanum 11.6 11.8 
Cerium 21.5 21.9 
Praseodymium 9.7 9.8 
Neodymium 37.8 37.9 
Samarium 7.0 7.1 

The reproducibility of the data from these calibration 
studies is a further indication that the method is capable of providing data 
of the requisite precision for burnup analysis. Future plans include testing 
of procedures for the separation of fission product r a re earths from other 
fuel constituents. 

c. Cross Section Measurements (A. B. Smith) 

Last Reported: ANL-7427, pp. 93-97 (Feb 1968). 

(i) Fast Neutron Cross Sections 

(a) Elastic and Inelastic Neutron Scattering from Even-
Even Deformed Nuclei. More than four-hundred angular distributions of 
neutrons scattered from Hf, Gd, and Sm were measured during the period. 
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The region of incident neutron energy extends from 0.8 to 1.5 MeV, with 
good definition of both incident and emitted neutron energies . The resul ts 
are now being processed . When these procedures are completed and the 
values combined with the previous resul t s at lower energies, a good 
description of scattering from these deformed nuclei will be available 
entirely consistent with prior commitment to the RDT program of c r o s s -
section measurement . The analysis of the experimental data in t e rms of 
nuclear models has been initiated with the intent of interpolating and 
extrapolating the available experimental information to provide the greates t 
possible information for the reactor physicist . 

(b) Inelastic Scattering from Nuclei near Mass 50. The 
inelas t ic-scat ter ing c ross sections of titanium were carefully determined 
at a number of incident neutron energies up to 1.5 MeV. An inspection of 
the raw data indicates that the resul ts are of good quality. The data are 
being processed, including correct ions for multiple scattering and other 
experimental per turbat ions . 

The study of inelastic scattering from iron has been 
completed some time ago. The resul ts are now being prepared for publica
tion and the numerical values t ransmit ted to the National Nuclear Cross 
Section Center (NNCSC) at BNL. The formal report is a proper coopera
tive effort between this group and the South African Pelindaba Laboratory, 
which has obtained complementary information. The composite resul ts 
substantially contribute to the RDT requests for such information on iron. 

(c) Scattering Standards. The accuracy of requested 
c ross sections and the precision of measurement techniques are now 
often such as to make the precision of the staAdards employed in the work 
a mat ter of appreciable concern. This is part icularly true of the differen
tial e las t ic -sca t te r ing c ross sections of carbon, which are normally 
employed as the reference standard. A careful evaluation of this standard 
c ross section is now called for and is in p rogress . Pending the outcome 
of this analysis , careful measurements may be necessary . 

(d) Fas t -neut ron Activation Cross Section of ^^*U. 
Activations are to be made for neutron energies of 30 and 550 keV. The 
integrated neutron flux of the forthcoming absolute measurement of 30-keV 
activation will be g rea te r than that of the past run at the expense of energy 
resolution, as counting rate versus background has been a problem. The 
2-foil fission chaniber to be used for the relative measurements has been 
checked and found satisfactory. The 4TT ^-7 coincidence apparatus has been 
tested satisfactorily; it will be further checked against 4T: counters used by 
De Volpi. 
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(e) Total Neutron Cross Sections 

(1) Calcium. Measurements of the neutron total 
cross section for calcium, using the automated monoenergetic t ransmiss ion 
method, were made from 100 to 650 keV in 1-keV intervals . The sample 
used was potted in a mass container which presented for t ransmission 
1,12 in. of calcium sandwiched between 0.005 in. of b r a s s . The "no sample" 
run was conducted with a similar empty container. The data for these 
measurements have not yet been fully processed. 

(2) Natural Iron. Similar measurements also were 
made with iron at several selected intervals from 500 keV to 1.45 MeV. 
Although the absolute values of these measurements were in e r r o r above 
650 keV due to contamination by a second neutron group, they were useful 
in correlating resonance locations in the time-of-flight data for the same 
element. The resonance locations for both sets of data were identical 
within the expected e r ro r at 500 keV, and at 1.45 MeV (point of maximum 
difference) were about 12 keV apart. 

(f) The ''Li(p,n)''Be Reaction. The angular distribution of 
product neutrons has been analyzed in terms of Legendre polynomial 
expansion in the center-of-mass system and found to compare reasonably 
well with previous work. There seems to be a discrepancy of about 10% 
in the shape of the total cross section obtained from this analysis in the 
region 1.93 < Ep < 2.15 MeV between this work and three previous investi
gations. An attempt will be made to recheck this shape with a grey neutron 
detector. 

(ii) Fission Process Data. The data from the measurements 
for 150- and 500-keV-neutron-induced fission of '̂̂ U has been partially 
processed. Table III.A.l lists the average mass and energies of the light 
and heavy fragments, and the variance of their distributions. Similar 
quantities are shown for thermal-neutron fission of U obtained during 
the same period with the same experimental arrangement. 

TABLE III.A.l. Summary of Mass-Angle-Energy Results for Neutron-induced Fission 
of " 'U at Thermal, 150-keV, and 500-keV Energies 

Angle 

< M L > 
<Mj^> 
0^(M) 

< E L > 

<£„> 
<Ef;J> 
a'{E) 

0° 

97.1 
139.0 

34.5 
100.2 

70.2 
170.4 
114.6 

T h e r m a l 

45° 

97.2 
138.8 

32.8 
100.2 

70.4 
170.7 
111.7 

90° 

97.2 
139.0 

34.3 
100.2 

70.2 
170.3 
115.3 

0° 

97 .3 

138.9 
35.1 
99 .8 
70 .2 

170.0 
117.0 

E n (keV) 

150 

45° 

97 .5 
138.6 

33 .3 
99 .8 

• 70.4 
170.3 
112.6 

90° 

96 .8 
138.7 

35.0 
100.2 

70 .3 
170.5 
117.5 

0° 

97 .2 
138.8 

35.7 
99 .8 
70 .2 

169.9 
116.8 

500 

45° 

97 .5 
138.4 

33.6 
99 .8 
70 .4 

170.4 
110.8 

90° 

97.0 
138.6 

35.4 
99.7 
70 .2 

170.1 
117.2 
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(iii) Instrumentation and Digital Techniques 

(a) (n;n'gamma) Measurement Apparatus. This device, 
development of which was previously reported, has been tested and found to 
exceed the original performance expectations. Resolution of the system was 
9% for a gamma ray of 800 keV; judged very satisfactory. The unit shortly 
will be put into r e sea rch use with first attention to the excitation of the 
320-keV state of vanadium. The experimental procedure should be par t icu
larly rewarding at and near the reaction thresholds. 

(b) Modular Computer Interfacing. Development of im
proved modular interfacing for the existing on-line computers has been 
initiated. The intent is to provide an extended scope of laboratory automa
tion, improved reliability through interchangeability, and a modular in te r 
facing system capability to new digital machines and basic nuclear equipment 
as it becomes available. The initial work is in the area of overall planning 
and concepts. 

(c) Liquid Scintillation Detection. The design of a large 
liquid scintillation detector for determinations of fission c ross section, v, and 
capture processes has been completed. The instrumentation is tobe employed 
at the coming Fast Neutron Generator, and only test procedures will be pur
sued at the existing small installation. This particular instrument is r e p r e 
sentative of the scheduled effort intended to make productive research tools 
available to the program coincident with the delivery of the new Generator. 

(d) Total Neutron Cross Section Detector. The liquid 
scintillator and 7- ray-d iscr imina ted system for measurements of neutron 
total c ross sections at energies above 650 keV»was testedusing acce le ra tor -
produced neutrons in the t a rge t -a rea environment. The detector was located 
in the same large shield used in the low-energy measurements . However, 
the water in the tank was saturated with borax. Initial measurements 
indicate the configuration will perform quite efficiently for the measurements 
at higher energy. However, a minor modification in the shielding is being 
made for additional 7- ray isolation. An extensive modification in the com
puter program also is being made to provide additional 7 - r a y discrimination 
in the data processing. When these changes are completed, a more detailed 
test will be made with accelerator-produced neutrons. 

B. Reactor Fuels and Materials Development 

1. Fuels and Claddings--Behavior of Reactor Materials 

a. Irradiation Behavior of Advanced Ceramic Materials 
(L. C. Michels) 

Last Reported: ANL-7419, pp. 102-103 (Jan 1968). 

Neutron radiography of the specimens inCapsule ANL-56-11, 
' ' ' - -rrrrv--? frr-r the MTR at the end of Cycle 270, has been com-
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TABLE I I I .B . l . I r r a d i a t i o n Data for Capsu le A N L - 5 6 - 1 1 

Specimen No. 

MV-2 

S-15 
S-16 
S 17 
S-18 

Design P a r a m e t e r s 

Fue l 
Compos i t ion 

UC-20 w / o PuC^ 
UC-20 w / o PuC'^ 

US 

us 
us 
us 

Effective 
Densi ty 

(%) 
79 
80 
82 ' ' 
90 
88 
77 

Max Claddin 
T e m p (°C) 

470 
480 
380 
510 
500 
610 

Ope 

S 

ra t ing Condit 

a / o 

ions 

E s t i m a t e d 
Burnup to Da 

( U + P i 

9.3 

9.8 
6.7 
9.1 
7.6 
9.6 

i ) 

te 
V, 

f i s s / c c X lU "•' 

25 

17 
18 

' 'All cladding of fuel is Nb-1 w / o Zr alloy of 0 .281- in . OD and 0 .012- in . t h i c k n e s s . 
h n a s e d on effective dens i ty . 
^^Vibratorily compac ted mixed UC and PuC p o w d e r s . 
'^Part ial ly annular pe l le ts with cen te r t h e r m o c o u p l e . 

In Spec imen MV-2 , the fuel r u p t u r e d the c ladd ing in the top o n e -
fourth of the pin. T h e r e a p p e a r s to be a dens i t y v a r i a t i o n over the l eng th of 
the pin, with no appa ren t i n c r e a s e in c ladding d i a m e t e r in the bo t tom t h r e e -
q u a r t e r s of the pin. Spec imen M V - 6 a l so showed a dens i t y v a r i a t i o n along 
the length of the pin, but t h e r e a p p e a r e d to be an i n c r e a s e in the c ladd ing 
d i a m e t e r in the bot tom t h r e e - q u a r t e r s of the pin. 

Spec imens S-15, S-16, and S-17 a p p e a r e d to be in tac t , with no 
de tec tab le i n c r e a s e in c ladding d i a m e t e r s and no a p p r e c i a b l e v a r i a t i o n in 
fuel dens i ty along the p ins . Spec imen S-18 a p p e a r e d to be i n t a c t with a 
dens i ty va r i a t ion along the length of the pin and an i n c r e a s e in c ladding 
d i a m e t e r in the m i d s e c t i o n of the pin . 

The c a u s e s of what a p p e a r e d to be v a r i a t i o n s in fuel dens i t y in 
Spec imens MV-2 , M V - 6 , and S-18 a r e unknown. 

b . S t r u c t u r e s and P r o p e r t i e s of Advanced F u e l M a t e r i a l s 
(J. H. Handwerk) 

(i) T h e r m o d y n a m i c P r o p e r t i e s : Heat C a p a c i t y of PuO^ 
(O. L. K r u g e r ) 

Not r e p o r t e d p r e v i o u s l y . 

This inves t iga t ion was u n d e r t a k e n to p rov ide h i g h -
t e m p e r a t u r e hea t capac i ty da ta for PuOi , which a r e needed for t h e r m o d y n a m i c 
ca lcu la t ions and the i n t e r p r e t a t i o n of f i s s i o n - p r o d u c t behav io r in i r r a d i a t e d 
fuels . The plutonium dioxide used in th is s tudy was ob ta ined a s a c a l c i n e d -
oxalate powder from Hanford L a b o r a t o r i e s . Mos t of the i m p u r i t y e l e m e n t s 
were below the l i m i t s of de t ec t ion by s p e c t r o g r a p h i c a n a l y s i s , but i r o n was 
p r e s e n t to the extent of 0.0050 w / o . The a s - r e c e i v e d m a t e r i a l w a s c a l c i n e d 
in a i r at 1300°K for a p p r o x i m a t e l y 8 hr to a s s u r e c o m p l e t e c o n v e r s i o n of the 
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powder to the stoichiometric compound. Fur ther character izat ion showed 
that the powder had an average O/Pu ratio of 2.008 ± 0.007 and a lattice 
constant of 5.3946 + 0.0001 A. 

Changes in heat content of a 30-g sample of this mater ia l 
were measured in a copper-block drop ca lor imeter .* The overall ca l ib ra 
tion of the apparatus was checked by measurements from 400 to 1400°K 
with calor imetry-conference sapphire obtained from the National Bureau 
of Standards. These measurements had a maximum deviation of less than 
0.75% from the NBS data on s imilar mater ia l . 

The molar enthalpy changes for the various drop tempera
tures are listed in Table III.B 2. These resul ts are expressed in te rms of 
the "defined g ram-ca lo r i e , " equivalent to 4.184 absolute joules. The atomic 
weight of plutonium was assumed to be 239.18 for these calculations. The 
enthalpy of the capsule was subtracted from the total observed value to 
obtain the enthalpy of the specimen. Since the heat content of the capsule 
amounted to only 17% of the total, the e r r o r associated with this correct ion 
was extremely small . The enthalpy changes of PuOj are shown as a function 
of temperature in Fig. III .B.l . The good agreement between heat contents 
obtained from heating and cooling cycles indicates that the specimen did 
not change composition or s tructure during the measurement . A maximum 
heat content of 23.2 kcal/mole was found at 1404°K, the highest temperature 
investigated in this study. Data reported for higher temperatures were 
obtained by extrapolation of the enthalpy curve. 

TABLE III.B 2. Measured and Calculated Heat Contents of PuO, 
for Various Drop Temperatures 

Temp 
(°K) 

192 
298.16 
435.1 
481.2 
484.9 
503.3 
511.3 
598.2 
654.1 
655.5 
727.7 
745.9 
801.2 
839.0 
922.5 

H.J. - U^at 

Observed 

-1795.21 
0.00 

2437.91 
3251.45 
3408.73 
3571.44 
3750.42 
5605.29 
6820.18 
6828.31 
8200.48 
8737.42 
9830.27 

10825.51 
12674.95 

( c a l / m o l e ) 

Ca lcu la ted 

-1634.82 
-189.84 
2337.12 
3255.38 
3330.00 
3702.81 
3865.76 
5663.08 
6839.76 
6869.40 
8406.54 
8796.47 
9986.30 

10803.43 
12617.58 

Dev ia t ion 

160.39 
-189.84 
-100.79 

3.93 
-78.73 
131.37 
115.34 
57.79 
19.58 
41.09 

206.06 
59.05 

156.03 
-22.08 
-57.37 

T e m p • 
(°K) 

971.2 
989.7 

1010.5 
1060.0 
1144.5 
1228 5 
1236.3 
1317.8 
1318.5 
1397.9 
1404.2 
1500.0* 
1600.0* 
1700.0* 
1800.Oa 

Hf - Hi^t 

Observed 

13548.15 
14193.56 
14681.69 
15817.93 
17653.82 
19554.79 
19232.09 
21160.17 
21366.27 
23188.60 
23218.43 
25370.00 
27600.00 
29810.00 
32030.00 

( c a l / m o l e ) 

Ca lcu la ted 

13680.55 
14085.17 
14540.59 
15626.39 
17485.69 
19340.10 
19512.58 
21317.27 
21332 79 
23095.18 
23235.11 
25366.52 
27596.27 
29830.53 
32068.88 

Dev ia t ion 

132.40 
-108.39 
-141.10 
-191.54 
-168.15 
-214.69 

280.49 
157.10 
-33.48 
-93.48 

16.68 
-3.48 
-3 .72 
20.53 
38.88 

Extrapolated. 

"savage, H.. Rev. Sci. Inst 37. 1062 (1966). 
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All enthalpy measurements 
were corrected for the self-heating 
of plutonium from radioactive decay .* 
The procedure consisted of adding 
the self-heating rate of plutonium to 
the initial time period of the emf 
(temperature) curve. Since the self-
heating rate displaces the curve from 
the time the specimen is dropped into 
the calor imeter , the addition of this 
correction to the initial monitoring 
period when the calor imeter is empty 
makes the rate uniform for the entire 
run. The self-heating rate effectively 
becomes a colorimeter constant that 
is subtracted from the total heat con
tent of the specimen. This correct ion 
ranged from 0.08 to 1.2% of the enthalpy 

values. The greater correction applied at the low temperatures , for which 
there was a longer period from drop-time to midtime and the total enthalpy 
was comparatively small . The estimated e r ro r in the enthalpy m e a s u r e 
ment was less than 1% at temperatures above 400°K. The low-temperature 
point (192°K), however, is known to have a considerably larger e r ro r , which 
may be as much as 5%. This value at the end of the enthalpy curve extended 
the heat capacity calculations to room temperature, and had little effect on 
the more accurate high-temperature data. 

200 400 600 800 IOOO 1200 1400 1600 
TEMPERATURE (°K) 

Fig. III.B.l. Enthalpy of PuOj as a Function 
of Temperature 

Equa t ions of the type s u g g e s t e d by M a i e r and Kel ley w e r e 
used to r e p r e s e n t the m e a s u r e d va lues of en tha lpy and hea t c a p a c i t y . 
These equat ions : 

H „ - H,„8 = -8468 + 22.18T + 1.040 x lO'^T^ + 4.935 x lO^T"' , (1) 
i rp - r-i298 

; = 22.18 + 2.080 X lO-^T - 4.935 x 10 = T • ^ (2) 

w e r e de r ived with a c o m p u t e r p r o g r a m by a l e a s t - s q u a r e s a n a l y s i s of the 
data . 

The h e a t - c a p a c i t y r e l a t i o n is the f i r s t d e r i v a t i v e of the 
enthalpy equat ion. Hea t con ten t s c a l c u l a t e d f rom E q . (1) and the dev ia t ions 
between the ca l cu la t ed and m e a s u r e d va lue s for v a r i o u s e x p e r i m e n t a l 
t e m p e r a t u r e s a r e l i s t ed in Table I I I .B .2 . Equa t ion (1) fits the da ta with a 
s t anda rd deviat ion of 136 c a l / m o l e . Va lues of Cp, Ŝ p - S29g, and H,j. - H298 
at t e m p e r a t u r e i n t e r v a l s of 100°K a r e g iven in Tab le I I I .B .3 . T h e s e va lues 
were ca lcu la ted to 1800°K by e x t r a p o l a t i o n of the en tha lpy c u r v e . 

Kruget, 0. L., and Savage, H., J. Chem. Phys. 40, 3324 (1964). 
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T A B L E I I I . B . 3 . T h e r m o d y n a m i c P r o p e r t i e s of P u O j 

T e m p 
(°K) - 1 ( ca l m o l e " deg 

S T - Sj,e 
(ca l m o l e " ' de ( c a l m o l e " * ) 

298.16 
300 
400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 

16.69 
16.76 
19.18 
20 .31 
2 0 . 9 3 
21 .32 
21 .58 
21 .76 
21 .89 
22 .00 
22 .09 
22 .16 
22 .22 
22 .27 
22 .32 
22 .36 
22 .40 

0 .00 
0 .10 
5.31 
9.72 

13.48 
16.74 
19.61 
22 .16 
24.46 
26 .55 
28.47 
30.24 
31.88 
33.42 
34.86 
36.21 
37 .49 

0 
31 

1845 
3825 
5890 
8004 

10150 
12317 
14500 
16695 
18899 
21112 
23331 
25555 
27785 
30019 
32258 

2. F u e l s and C l a d d i n g s - - C h e m i s t r y of I r r a d i a t e d M a t e r i a l s 

a. D e v e l o p m e n t of A n a l y t i c a l F a c i l i t i e s , M i c r o s t r u c t u r e Sampl ing 
T e c h n i q u e s , and Ana ly t i ca l P r o c e d u r e s for A n a l y s i s of 
I r r a d i a t e d F u e l s (C. E . C r o u t h a m e l ) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , pp. 101-102 (Feb 1968). 

% 
(i) Shie lded F u e l E v a l u a t i o n F a c i l i t y . C o n s t r u c t i o n of a 

sh i e lded f u e l - e v a l u a t i o n fac i l i ty is p r o c e e d i n g . I n s t a l l a t i on of a v a c u u m -
j a c k e t e d l i q u i d - n i t r o g e n l ine h a s begun; i n s t a l l a t i o n of man i fo lds for the 
h e l i u m p u r i f i c a t i o n s y s t e m a d s o r b e r s h a s been c o m p l e t e d . T e s t i n g of the 
o p e r a t i o n of the t r a n s f e r locks r e v e a l e d s e v e r a l m i n o r o p e r a t i n g d i f f i cu l t i e s , 
which a r e be ing c o r r e c t e d . C o n s t r u c t i o n of the e n c l o s u r e and sh ie ld ing for 
the m e t a l l o g r a p h by C e n t r a l Shops is u n d e r w a y . 

(ii) F u e l - s p e c i m e n P r e p a r a t i o n . P r o c e d u r e s a r e being 
deve loped for the p r e p a r a t i o n of c e r a m i c fuels for m e t a l l o g r a p h i c e x a m i n a 
t ion . A m e t h o d to r e v e a l g r a i n s t r u c t u r e is be ing t e s t e d . Th i s me thod 
i nvo lves the d e v e l o p m e n t of i n t e r f e r e n c e f i lms on u r a n i u m c a r b i d e . P r e 
l i m i n a r y t e s t r e s u l t s w e r e r e p o r t e d p r e v i o u s l y ( see P r o g r e s s R e p o r t for 
A p r i l 1967, A N L - 7 3 2 9 , pp. 5 9 - 6 1 ) . 

In c u r r e n t t e s t s , s p e c i m e n s of a r c - m e l t e d UC, which w e r e 
p o l i s h e d in a h e l i u m - a t m o s p h e r e box and c l e a n e d u l t r a s o n i c a l l y with 
b e n z e n e , d e v e l o p e d i n t e r f e r e n c e f i lms of b r i l l i a n t c o l o r s . A p p a r e n t l y the 
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f i lms a r e fo rmed by r e a c t i o n of the fuel s u r f a c e wi th an i m p u r i t y in the 
b e n . e n e (probably H p ) , and c o l o r s a r e p r o d u c e d that v a r y wi th o r i e n t a t i o n 
of the g r a i n s . One s p e c i m e n was pho tog raphed , r e p o l i s h e d l ight ly , and then 
e tched by the vacuum c a t h o d i c - e t c h i n g t e c h n i q u e . The g r a i n b o u n d a r i e s 
r evea l ed by ca thodic e tching co inc ided p r e c i s e l y with those m a r k e d by the 
i n t e r f e r e n c e co lor p a t t e r n s . 

The a r c - c a s t m a t e r i a l u s e d for t he se e x p e r i m e n t s w a s 
s i n g l e - p h a s e UC. An a t t emp t wil l be m a d e to deve lop i n t e r f e r e n c e p a t t e r n s 
on o ther , l e s s idea l s p e c i m e n s . If th is t echn ique p r o v e s to give r e p r o d u 
cible r e s u l t s , it wi l l be a useful c o m p l e m e n t to the c a t h o d i c - e t c h i n g 
technique . Although the i n t e r f e r e n c e c o l o r s d e t e r i o r a t e wi th in a r e l a t i v e l y 
sho r t t ime (hours to days) , s u r f a c e s t r u c t u r e s can be d e l i n e a t e d m o r e 
rap id ly and with a h ighe r c o n t r a s t by this t echn ique than by ca thod ic e t ch ing . 

3, F u e l s and C l a d d i n g s - - T h e r m o d y n a m i c s of Fue l M a t e r i a l s 

a. Vapor Spec ies P a r t i a l P r e s s u r e s in the T e r n a r y U - P u - C Sys tem 
(P . E . B lackburn and J. W. R e i s h u s ) 

L a s t Repor ted : A N L - 7 4 0 3 , p . 110 (Dec 1967). 

M a s s - s p e c t r o m e t r i c Knudsen effusion s t u d i e s a r e p lanned for 
the P u - C and U - P u - C s y s t e m s . Ini t ia l work wil l be c e n t e r e d on the P u - C 
s y s t e m and, in p a r t i c u l a r , the h ighe r t e m p e r a t u r e t w o - p h a s e f i e lds , PU2C3-
P u C j and P u C j - C , of that s y s t e m . 

Samples of P u - C with c o m p o s i t i o n s r ang ing f rom PuC to PUC2 
are being p r e p a r e d . Some difficulty h a s been e n c o u n t e r e d in p r e p a r i n g 
PU2C3, but this difficulty is not c o n s i d e r e d to be i n s o l u b l e . In i t ia l e x p e r i 
m e n t s will be c a r r i e d out with t w o - p h a s e s a m p l e s of PUC2-C. 

4. Techniques of F a b r i c a t i o n and T e s t i n g - - B a s i c F a b r i c a b i l i t y - - R e s e a r c h 
and Development 

a. Deve lopment of N o n d e s t r u c t i v e T e s t i n g T e c h n i q u e s (H. B e r g e r ) 

L a s t Repor ted : ANL-7427 , pp. 105-107 (Feb 1968). 

(i) Neu t ron T e c h n i q u e s . Studies of n e u t r o n r a d i o g r a p h y 
techniques cont inue with a s m a l l " ' A m - ^ ' ' ^ C m - B e s o u r c e (yield* of 
1.15 x 10' n e u t r o n s / s e c ) . 

A r e s u l t of p a r t i c u l a r i n t e r e s t i s tha t the a c t i v a t i o n - t r a n s f e r 
method of neut ron r a d i o g r a p h y h a s p roved to be p o s s i b l e us ing th is s m a l l 
s o u r c e . The m o d e r a t o r and col l imatoV p a r a m e t e r s w e r e the s a m e as g iven 

*Yield valid for Nov. 20, 1967; 242cm half-life (T 1/2) is 163 days. 
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for d i rec t -exposure resul ts (see ANL-7427, p. 106). The quality of radiog
raphy, however, is impressively superior . Dysprosium foil (125 fi thick) 
gave good resul ts with exposure to saturation (half-life of " 'Dy is 2.32 hr) 
and transfer to KK film. Gold foil (250 |U thick) even with much longer 
i rradiat ions ( 2 i d a y s ) gave resul ts of inferior quality. 

F i lms have been obtained that give a measure of the radio
graphic quality obtainable, i.e., inherent unsharpness, geometric unsharp-
ness, contrast , etc. Fur ther work is planned. 

The gamma-radiat ion intensity at the exposure position for 
the Am-Cm-Be source (1.15 x lO' neutrons/sec) BeO moderator stack, and 
cadmium collimator (12 by 12 by 120 cm) has been measured as 2 R/hr with 
no filters in the beam. Lead filters of up to 1.5 mm in thickness do not 
change this reading; 3- and 6-mm filters yield a reading of 0.7 R/hr. 

The gamma intensity of 2 R/hr corresponds to that reported 
for the decayed Am-Cm-Be (1.16 x lO' neutrons/sec) source, measured at 
50 cm from the source, emerged in a water moderator . This calculated 
agreement assumes that both moderators give the same gamma background, 
and that the neutron-to-gamma ratio remains the same for the new and 
decayed Am-Cm-Be sources . 

(ii) Passive Ultrasonic Techniques. Additional lithium niobate 
elements were received and evaluated. A comparison of the relative sen
sitivities of three different cuts reveals that a Y-cut element is the most 
sensitive to longitudinal wave motion. 

(iii) Scatter Radiography. Scatter radiography studies are being 
made with 1.27-cm-diameter aluminum rod samples that contain longitudinal 
cracks opened to the surface. The cracks are introduced into the rod 
samples by heating in an open flame to about 600''C and immediately quenching 
in cold water . Samples that contain voids of this type are being investigated 
because they present a more realist ic void than the drilled-hole samples. 
The ultimate objective of the program is to detect internal voids in the 
specimens being investigated. Scatter resul ts obtained from the cracked 
specimens are poor. The X-ray energy that enters the specimen is being 
increased in an attempt to improve the probability of obtaining an image 
of the voids on the filin. 
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C, E n g i n e e r i n g D e v e l o p m e n t - - R e s e a r c h and D e v e l o p m e n t 

1. Deve lopment of M a s t e r - S l a v e M a n i p u l a t o r S y s t e m s (R. C. G o e r t z ) 

L a s t Repor t ed : ANL-7427 , pp. 111-112 (Feb 1968). 

a. Deve lopment of M a n i p u l a t o r S y s t e m s 

(i) E l e c t r i c M a s t e r - S l a v e M a n i p u l a t o r , M a r k E4A. A s e r v o 
d r i v e unit is being i r r a d i a t e d in the Argonne C h e m i s t r y D i v i s i o n ' s Co 
g a m m a faci l i ty at a r a t e of 1 x l o ' R / h r and at a t e m p e r a t u r e of 38°C. T h i s 
t e m p e r a t u r e c lose ly a p p r o x i m a t e s the m a x i m u m d e s i g n a m b i e n t ce l l t e m p e r 
a t u r e for m o s t hot l a b o r a t o r i e s . To da te the uni t h a s r e c e i v e d an e x p o s u r e 
dose of about 6.6 x 10 R. 

With the excep t ion of the s y n c h r o , m a t e r i a l s and c o m p o n e n t s 
used throughout the s e r v o d r i v e uni t have been ca re fu l ly s e l e c t e d for good 
r ad i a t i on r e s i s t a n c e , c o m m e n s u r a t e wi th a v a i l a b i l i t y . T h e d r i v e - u n i t syn 
ch ro being t e s t e d is an unmodi f ied c o m m e r c i a l dev i ce wi th only the " l e a d - i n " 
insu la t ion having q u e s t i o n a b l e r a d i a t i o n r e s i s t a n c e . 

P e r f o r m a n c e t e s t s of c o m p o n e n t s u s e d in the s e r v o d r i v e 
unit wi l l be s t a r t e d at an in i t i a l e x p o s u r e d o s e of 1.3 x 10* R; s u b s e q u e n t l y 
h igher d o s e s , up to 1.3 x lO ' R, wi l l be e m p l o y e d . Some p a r a m e t e r s m e a 
su red include: l) m o t o r power , c u r r e n t , r e s i s t a n c e , and t o r q u e ; 2) t a c h o m 
e t e r power , c u r r e n t , and output vo l t age ; 3) b r a k e so leno id p u l l - i n vo l t age ; 
4) gea rbox f r ic t ion , and 5) the m o t o r s wi l l be hea t cyc led by t u r n i n g full 
power on and off a l a r g e n u m b e r of t i m e s . T h e s e t e s t s wi l l p r o v i d e da ta for 
a s y s t e m s o p e r a t i o n eva lua t ion . After the 1.3 x l o ' R d o s e h a s been r e a c h e d , 
and if the unit i s s t i l l functioning r e a s o n a b l y we l l , cont inu ing te s t s wi l l be run . 

b. Study of R e m o t e Handl ing for L M F B R F a c i l i t i e s . We have con 
t inued studying r e m o t e handl ing p r o b l e m s in the p r e s e n t and fu tu re a s p e c t s 
of Liquid Meta l F a s t B r e e d e r R e a c t o r s . As we t a lk to p e o p l e , we find, a s 
we have in the pas t , tha t it i s often qui te diff icul t to exp la in s o m e a s p e c t s of 
r e m o t e handl ing thoroughly enough to convey good u n d e r s t a n d i n g . C o n s e 
quent ly , we a r e taking add i t iona l s t e p s to t r y to have a n u m b e r of e n g i n e e r s 
f rom v a r i o u s o r g a n i z a t i o n s c o m e to ANL (I l l inois ) and t r y the M a r k E4A 
and S l a v e - T e l e v i s i o n (Mark T V l ) . S ince we have only one of the M a r k E4A, 
we a r e r e fu rb i sh ing and se t t ing up a Mode l E 3 a r m to m a k e up a p a i r . * 
M a s t e r - s l a v e m a n i p u l a t o r s r e a l l y need to work a s a p a i r r a t h e r than one 
a r m at a t i m e . 

*Two pairs of the Model E3's were used in the Chemical Engineering Senior Cave at ANL for about seven years. 
They have recently been retired because they were wearing out, because they gave too much service trouble, 
and because they were a bit large for the relatively sm^ll cells they were in. We were able to salvage all 
four master arms and the amplifiers. One of the master arms is being converted to a slave arm by changing 
some of the parts. This can be done at very modest cost because many of the parts were on hand. The load 
capacity of the E3 and the E4A is nominally 50 lb, and the general performance is close enough for the two 
to be used as a pair for demonstrations and experiments in the cold lab. 
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2. Heat Transfer , Fluid Flow, and Mechanics of Mater ia ls 

a. High-temperature Boiling Sodium Experiment (J. V. Tokar) 

Last Reported: ANL-7427, pp. 113-114 (Feb 1968). 

(i) Niobium-1% Zirconium Loop. To date, 41 boiling runs 
have been made in the following ranges of variables for sodium: boiling 
inlet velocity, 1-4 ft /sec; saturation p re s su re at initiation of boiling, 13-
47 psia; tempera ture 1600-2010°F; heat flux, 1.5-4.5 x 10* Btu/hr-ft^. In 
all cases , the approach to boiling was made by decreasing loop pressure 
until boiling occurred. Although the data have not been thoroughly analyzed, 
the following conclusions a re evident; 

1. In 34 of the 41 runs, no stable boiling was achieved, 
with or without isolation of the two-phase flow from the dump-tank free 
surface a rea . 

2. In the seven remaining runs, the flow could be termed 
"metastable," because a slight disturbance of any independent variable 
caused a re turn to the "chugging" flow found in all runs. 

3. Superheat required to start boiling for each run was 
initially low, increased with time, and eventually was completely unpredict
able. For the last 24 runs, initial boiling occurred either in the boiler or 
in the adiabatic r i se r above the boiler, under subcooled, saturated, and 
superheated liquid conditions, corresponding to local superheats of 5-100°F. 

During these runs the helicaf induction pump has not per
formed to specifications; a performance test showed that the pump is pro
ducing only 30% of the 120-psi rated head at 1.2-gpm flow. Thus the 
available p re s su re head and flow rate a re far too low to allow either orific
ing (the next experimental step) or the testing of the thermal-radiat ion 
heater in the 20-48-kW range (i.e., heat fluxes up to lO' Btu/hr-f t ' ) . To 
cor rec t this problem would require the purchase and installation of a new 
pump, a major modification. 

b. Heat Transfer to Liquid Metal Heat Exchangers (R. P . Stein) 

Last Reported: ANL-7427, pp. 114-115 (Feb 1968). 

(i) Nonsymmetrical-duct Heat Exchangers. Experimental 
data have been obtained with counterflowing sodium in the variable-
eccentrici ty double-pipe heat exchanger. Typical resul ts a re shown in 
Figs . IlI.C.l and III.C.2. 
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For unilofm circumlerenlial wall temperature 

For uniform circumlerential (lux 

0.4 0.6 

Nominal Eccentricity 

Fig. lU.C.l 

How Heat Transfer Effectiveness between 
Counterflowing Sodium in a Double-pipe 
Heat Exchanger Varies with Eccentricity--
Comparing Calculations Based on Two Dif
ferent Axially Uniform Annulus Nusselt Num
bers (broken lines) with Experiment Data (solid 
data points represent displacement opposite IB 
that of open data points). Sodium mass flow 
rates were equal in this Test Section No. 1; 
Peclet numbers were 668-682 on the tube side 
and 245-250 on the annulus side. 

1.0 

Nominal eccentricity:! 0 

Nominal eccenfricity^O 

60 90 120 

Circumferential Position, deg 

180 

Fig. III.C.2. Temperatures around Circumference of Outer Wall of Annular 
Space for Two Eccentricities at Axial Position 16 Tube Diam
eters from Tube Inlet, Where Conditions Correspond to Those 
of Fig. IlI.C.l, and T = Outer-wall Temperature, T20 = 
Annulus Inlet Temperature, and ATQ = Inlet Temperature 
Difference (annulus side minus tube side) 

T h e c a l c u l a t e d e f f e c t i v e n e s s v a l u e s i n F i g . I l I . C . l w e r e 

o b t a i n e d by u s i n g (a) a c u r r e n t v e r s i o n of t h e L y o n - M a r t i n e l l i e q u a t i o n , * 

N u = 5.0 + 0 . 0 2 5 ( P e ) " ' * , f o r t u b e - s i d e f i l m c o e f f i c i e n t s , (b) a t h e r m a l c o n 

d u c t i v i t y of 2 7 . 0 B t u / h r - f t - ° F fo r t h e 0 . 3 7 8 - i n . - O D x 0 .0 1 2 - i n . - w a l l , 7 0 -

30 c u p r o n i c k e l t u b e , a n d (c) Y u - D w y e r * * v a l u e s f o r f u l l y d e v e l o p e d a n n u l u s -

s i d e c o e f f i c i e n t s w i t h t h e h e a t f l u x u n i f o r m i n t h e a x i a l d i r e c t i o n . T h e r e s u l t s 

*Subbotin, V. I., et al., A Study of Heat Transfer to Molten Sodium in Tubes, At. Energ. (USSR) 13, 
380-382 (1962), 

**Yu, W. S., and Dwyer, O. E., Heat Transfer to Liquid Metals Flowing Turbulently in Eccentric Annuli-I, 
Nucl. Sci. Eng. 24, 105-117 (1966); 2 1 , 1-9 (1961). 



101 

i n d i c a t e tha t u s e of the Y u - D w y e r v a l u e s b a s e d on c i r c u m f e r e n t i a l l y u n i f o r m 
i n n e r - w a l l t e m p e r a t u r e g ives good a g r e e m e n t wi th e x p e r i m e n t , w h e r e a s u s e 
of v a l u e s b a s e d on c i r c u m f e r e n t i a l l y u n i f o r m hea t flux r e s u l t s in p r e d i c t e d 
e f f e c t i v e n e s s e s tha t a r e m u c h too low. 

No ef for t w a s m a d e to modify the c a l c u l a t i o n s , which a r e 
b a s e d on "fully d e v e l o p e d " c o n d i t i o n s , to a c c o u n t for e n t r a n c e e f fec t s . A c 
c o r d i n g to the a n a l y s i s for the c o n c e n t r i c c a s e , the inf luence of such effects 
i s e x p e c t e d to be w e a k for the o p e r a t i n g c o n d i t i o n s of F i g s . I l I .C . l and 
I I I .C .2 . In F i g . I l I . C . l , no c a l c u l a t e d v a l u e s a r e given for e c c e n t r i c i t i e s 
g r e a t e r than 0.7 b e c a u s e tha t i s the u p p e r l i m i t of the Y u - D w y e r d a t a . F i g 
u r e I I I .C.2 s h o w s how the t e m p e r a t u r e s a r o u n d the c i r c u m f e r e n c e of the 
o u t e r wal l of the a n n u l a r s p a c e changed wi th e c c e n t r i c i t y . Note tha t m e a 
s u r e m e n t s of the tube p o s i t i o n that was thought to give c o n c e n t r i c p l a c e m e n t 
a c t u a l l y i n d i c a t e d p l a c e m e n t tha t was s l igh t ly e c c e n t r i c . F o r t h i s r e a s o n , 
the e c c e n t r i c i t i e s on the g r a p h s a r e r e f e r r e d to a s " n o m i n a l . " Addi t iona l 
da ta c o l l e c t i o n and a n a l y s i s c o n t i n u e s wi th the f i r s t t e s t s ec t i on . 

In A N L - 7 4 2 7 , it was noted tha t c i r c u m f e r e n t i a l t e m p e r a t u r e 
m e a s u r e m e n t s l ike t h o s e in F i g . I ILC.2 ind ica ted that the t u b e - l o c a t i n g d e 
v i c e s w e r e not o p e r a t i n g c o r r e c t l y . T e m p e r a t u r e d i s t r i b u t i o n s a s n e a r l y 
s y m m e t r i c a l a s t h o s e shown in F i g . I I I .C.2 w e r e not ob ta ined . The p r o b l e m 
h a s been so lved only p a r t i a l l y . F o r e x a m p l e , when the tube is d i s p l a c e d in 
the d i r e c t i o n o p p o s i t e to tha t of F i g . I I I .C.2 , the t e m p e r a t u r e d i s t r i b u t i o n s , 
a l though i m p r o v e d , s t i l l a r e not s a t i s f a c t o r i l y s y m m e t r i c a l . 

(ii) L i q u i d - m e t a l - h e a t e d S t e a m G e n e r a t o r s . C o n s t r u c t i o n of the 
loop c o n t i n u e s . T h e s t a i n l e s s s t ee l piping to hand le the m e r c u r y is a p p r o x i 
m a t e l y 90% a s s e m b l e d . 

T h e c o m p u t e r p r o g r a m to p rov ide " e n g i n e e r i n g " p r e d i c t i o n s 
of v a p o r i z a t i o n r a t e s for c o m p a r i s o n wi th a c t u a l da ta and o t h e r m e t h o d s of 
c a l c u l a t i o n h a s b e e n c o m p l e t e d and s u c c e s s f u l l y t e s t e d . T h i s p r o g r a m is 
b a s e d on a d e s i g n p r o c e d u r e tha t , in add i t ion to a s s u m i n g tha t a l iqu id-
m e t a l h e a t - t r a n s f e r coef f ic ien t i s known and independen t of length , a c c o u n t s 
for s t e a m - s i d e hea t t r a n s f e r by a R o h s e n o w - t y p e e m p i r i c a l c o r r e l a t i o n . * 
To t e s t the a c c u r a c y of th i s type of p r e d i c t i o n m e t h o d , it wi l l be c o m p a r e d 
wi th the r e s u l t s of c a l c u l a t i o n s b a s e d on a m o d e l tha t e l i m i n a t e s the u s e of 
h e a t - t r a n s f e r coe f f i c i en t s on the l i q u i d - m e t a l s i de but r e t a i n s the s a m e 
R o h s e n o w - t y p e e m p i r i c a l c o r r e l a t i o n for the s t e a m s ide . The l a t t e r m e t h o d 
r e s u l t s in a highly n o n l i n e a r m a t h e m a t i c a l p r o b l e m b e c a u s e of the f o r m of 
the s t e a m - s i d e h e a t - t r a n s f e r r e l a t i o n s h i p . The p r o b l e m is fu r the r c o m p l i 
ca t ed by the n e c e s s i t y to a c c o u n t for the l i q u i d - m e t a l - s i d e hea t t r a n s f e r by 
" f i r s t p r i n c i p l e s " r a t h e r than by the u s e of h e a t - t r a n s f e r c o e f f i c i e n t s . 

•Rohsenow, W. H., and Choi, H.. Heat, Mass, and Momentum Transfer, PrenUce-Hall. New Jeney (1961) 
pp. 226-228. 
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The essence of the difficulties, together with the basis of the present i t e r 
ative method of solution, can be illustrated as follows. 

Let Fu(z) represent the kth approximation of the heat flux 
as a function of axial length z. Then, from "first principles," the (k+ l)th 
approximation of the liquid-metal-side heat- t ransfer surface- tempera ture 
distribution is given by 

ewi(k+i) = r ^ [ l + G ( z - s ) ] Fk( s )ds , (1) 

where G(z) represents a known function of axial distance that depends on 
Peclet and Prandtl numbers as well as duct geometry. With s team-s ide 
pressure drop assumed to be negligible, the Rohsenow-type correlat ion 
relates the local flux to the steam-side heat- t ransfer surface temperature , 

?w2' ^y 

F = A^^, + Bil^. (2) 

where A and B are constants. This equation allows the (k + 1 )th approxi
mation of the steam-side surface temperature to be related to ?wi(k+i) V̂ 

5wi(k+i) = (A + C) ew2(k+i) + Bew2(k+i). (3) 

where C is a constant determined by simple heat conduction through the 
heat-transfer wall. Thus, ?w2(k+i) ®̂ determined from lwi(k+i) tiy solu
tion of a cubic equation which, it so happens, has only one real root for a 
physically "real" situation. With 4w2(k+i) known as a function of z, Eq. (2) 
gives F/[^^j)(z), which is then applied to Eq. (l) for the next iteration. Does 
the basic method of solution converge, and how does it depend on the method 
of determining the "zeroth" approximation of the flux distribution? The ini
tial test of the procedure by actual computation resulted in apparent insta
bilities after the second or third iteration. It is not known, however, whether 
the instabilities a re a property of the method of solution or simply the usual 
difficulties experienced during initial debugging of a relatively complicated 
computer program, 

c. Heat Transfer to Liquid Metal Cooled Reactor Channels 
(R. P. Stein) 

Last Reported: ANL-7419, p. 117 (Jan 1968). 

The engineering-type relationships to account for forced-
convection heat transfer during flux t ransients (see P r o g r e s s Report for 
July 1967, ANL-7357, pp. 116-117) have been applied to cases in which the 
heat flux to the fluid is assumed to be known and is represented by 
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q = qme" ' ^ s i n 7 T ( i / L ) (1) 

w h e r e q = h e a t flux d e n s i t y to fluid in B t u / h r - f t ^ , q = m a x i m u m va lue of 
q, a = e x p o n e n t i a l i n v e r s e p e r i o d in s e c " , T = t i m e in second , i - ax i a l 
p o s i t i o n a long channe l m e a s u r e d f r o m in le t in feet , and L = channe l length 
in feet . With the hea t flux known, the c h a n n e l h e a t - t r a n s f e r s u r f a c e and 
fluid bulk t e m p e r a t u r e s , a s funct ions of both t i m e and pos i t ion , can be c a l 
cu l a t ed " e x a c t l y . " T h i s a l l o w s a mean ing fu l c o m p a r i s o n of v a r i o u s a p p r o x 
i m a t e m e t h o d s of c o m p u t a t i o n . F i g u r e I I I .C .3 shows such c o m p a r i s o n s for 

0.4 0.6 
Axial Position, 1 1 

Fig. III.C.3. Comparative Computations for Flux Transient, q • e'*^sin itCl/L) 
(Reynolds No. 100.000, Prandtl No, 0.003, Channel L/D = 200. 
aLAi » 10) 
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a ve ry rap id t r a n s i e n t whose value of a i s o n e - t e n t h of the fluid r e s i d e n c e 
t i m e in a p a r a l l e l - p l a n e channe l . The s y s t e m is i m a g i n e d to be o p e r a t i n g 
unde r s t e a d y - s t a t e condi t ions at t i m e z e r o wi th an o v e r a l l t e m p e r a t u r e 
r i s e (outlet m i n u s inlet) equal to Ato in °F . The o r d i n a t e of the g r a p h i s 
the d i f fe rence in t e m p e r a t u r e be tween the channe l h e a t - t r a n s f e r s u r f a c e tg 
and the fluid bulk t g , d ivided by Atg. 

The g raph shows exac t c a l c u l a t i o n s (sol id l i n e s ) for t he in i t i a l 
s teady s ta te and for a l a t e r t i m e equal to 2.25 exponen t i a l p e r i o d s w h e n the 
m a x i m u m flux is n e a r l y ten t i m e s l a r g e r than i t s i n i t i a l v a l u e . T h e open 
c i r c l e s r e p r e s e n t r e s u l t s compu ted f rom the s i m p l e s t e a d y - s t a t e h e a t -
t r a n s f e r - c o e f f i c i e n t r e l a t i o n a s c o m m o n l y used , i . e . , 

t s " tB = qA. (̂ ) 

w h e r e h is the h e a t - t r a n s f e r coeff ic ient . The open t r i a n g l e s r e p r e s e n t 
r e s u l t s computed f rom the new e n g i n e e r i n g - t y p e r e l a t i o n s h i p in i t s s i m p l e s t 
or f i r s t - a p p r o x i m a t i o n fo rm, i . e . . 

^/-^14^.^'^y 
w h e r e D = hydrau l i c equiva len t d i a m e t e r in feet , k = fluid t h e r m a l con 
duct ivi ty in B t u / h r - f t - ° F , z = {4/Pe){i/D), e = ( 4 / P e ) ( u T / D ) . u = fluid 
a v e r a g e ve loc i ty in f e e t / s e c o n d , P e = P e c l e t n u m b e r , and Rj = a coeff i 
c ient that depends only on P e c l e t and P r a n d t l n u m b e r s and g e o m e t r i c a l 
shape . 

The sol id t r i a n g l e s r e p r e s e n t r e s u l t s c o m p u t e d f r o m the new 
e n g i n e e r i n g - t y p e r e l a t i o n s h i p in i t s s e c o n d - a p p r o x i m a t i o n f o r m , i . e . , 

whe re R2 is a s e c o n d - o r d e r coeff ic ient , s i m i l a r to R j . 

F i g u r e I I I .C.3 c l e a r l y i l l u s t r a t e s the i n c r e a s e d a c c u r a c y p o s s i 
ble when Eq. (2) is r e p l a c e d by Eq. (3) or (4). F o r e x a m p l e , wi th Ato ~200°F, 
and a s s u m i n g that the bulk t e m p e r a t u r e is known a c c u r a t e l y , u s e of the u s u a l 
h e a t - t r a n s f e r - c o e f f i c i e n t r e l a t i o n would o v e r p r e d i c t the m a x i m u m s u r f a c e 
t e m p e r a t u r e by n e a r l y 50°F; the f i r s t - a p p r o x i m a t i o n f o r m , Eq . (3), would 
u n d e r p r e d i c t by about 10°F; but i n a c c u r a c i e s wi th the s e c o n d - a p p r o x i m a t i o n 
form, Eq. (4), a r e neg l ig ib l e . 

F u r t h e r s tud i e s in p r o g r e s s e m p h a s i z e m o r e r e a l i s t i c t r a n s i e n t s 
for LMFBR a p p l i c a t i o n s . Mos t , if not a l l , e x i s t i n g c o m p u t e r c o d e s for fas t 
r e a c t o r safety a n a l y s e s u s e Eq. (2). Would r e p l a c e m e n t of Eq . (2) in t h e s e 
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codes with Eq. (3), or possibly even Eq. (4), offer significant and meaning
ful improvements in predicting, for example, the incipience of coolant 
vaporization? 

d. Fog Flow Heat Transfer and Fluid Flow (R. P. Stein) 

Last Reported: ANL-7419, p. 118 (Jan 1968). 

Mater ia ls procurement problems have delayed completion of 
the fog-flow experimental apparatus . 

A theoretical calculation has been made of the turbulent particle 
diffusivity that appears in the Pick ' s Law formulation describing the turbu
lent diffusion of liquid droplets suspended in a gaseous duct flow (see Prog
re s s Report for December 1967, ANL-7403, p. 115). 

A solution has been obtained to the modified Basset-Boussinesq-
Oseen equation of part icle motion,* assuming that (1) the particle diameter 
is l e ss than the smallest scale of turbulent motion, (2) the part icle "response 
t ime" is less than the smal les t turbulent time scale, and (3) the terminal 
velocity of the part icle is greater than the rms turbulent velocity of the gas. 

The part icle diffusivity, for the case of large diffusion t imes, is 
defined by 

1 d e = L i m ^ ^ a'(t), (1) 
t-»oo 2 dt 

where o^(t) is the mean-square part icle dispersion at time t. For a par
ticle moving axially with terminal velocity u^ relative to the surrounding 
turbulent fluid, the t r ansver se particulate dispersion was found to be 

(2) c'M = —, f f g ( x - x ' ) g (x -x" ) R22(x',x") dx'dx". 
" t Jo Jo 

where x = u^t. The response of a part icle to a unit impulsive force at 
t = 0 is given by 

g(t) = 1 - exp^- iy (3) 

•Corrsin, S., and Lumley, J. L., On the Equanon of Motion for a Particle in a Turbulent Fluid, Appl. Sci. 

Res. Sec. A6 (1956). 
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In Eq. (2), R22(x', x") is the Eulerian radial correlat ion function defined by 

. v(x') v(x") (4) 

where v(x) is the radial turbulent velocity at the axial location x. 

It is further assumed that 

(1) R22(x',x") = exp[-|x' - X " | / L ] , (5) 

where L, the turbulent integral scale, is defined by 

/
oo 

R22(r) dr ; (6) 

(2) the fluid is in motion with axial velocity U. 

Under these assumptions, the diffusivity defined by Eq. (l) was 
found to be 

C = L ^ U , • (7) 
"t 

where v̂  is the mean-square t ransverse turbulent velocity. 

The validity of this result will be tested experimentally. 

3. Engineering Mechanics 

a. Core Structural Dynamic Studies (M. W. Wambsganss) 

Last Reported: ANL-7427, pp. 116-119 (Feb 1968). 

Transducers are being developed to measure the random fluc
tuations of coolant pressure on the surface of a simulated fuel rod and to 
measure the rod displacement. 

A stacked configuration and a more rigid mounting have im
proved the sensitivity and frequency response of miniature p ressu re t r ans 
ducers. The welded base plate has improved the frequency response of the 
transducer without introducing excessive strain sensitivity. 

Stacked-configuration t ransducers are now constructed routinely. 
Both commercially available Bimorph stacks and individually stacked ele
ments have approximately the sanne sensitivity. Pre l iminary measurements 
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of t ransducer charac te r i s t i cs indicate that they are adequate for our experi
ments . A test rod with seven t ransducers will be evaluated in a flowing fluid. 
With the t ransducers mounted longitudinally and circumferentially on the 
rod, we will make c ross -cor re la t ion measurements so as to develop a char
acterizat ion of the random forcing function. 

To measure the displacement of a tubular specimen without dis
turbing the flow field, we are considering a technique involving an instru
mented rod rigidly mounted within the tube and isolated from it. This 
technique will be part icular ly valuable in measuring cylinder displacement 
within a bundle of simulated fuel tubes. The internal displacement t r an s 
ducer was constructed with a 0.32-in.-dia ceramic rod. Sensing coils, which 
were wound on coil forms with different numbers of turns to allow the t r ans 
ducers to operate at frequencies sufficiently different to minimize any cou
pling or crosstalk, were glued to two flats ground in the midpoint of the rod 
at 90° to each other. The coil wires were soldered to shielded wires that 
were routed through the center holes in the rod. After the instrumented rod 
was inserted in a tubular test specimen and supported at nodal points for the 
vibration modes of the tube, the displacement t ransducers were calibrated 
by mounting the tube-rod assembly in the test section and using a microm
eter to deflect the tube a measured amount while recording the output from 
the transducing system. Redesigned mounting fixtures are being fabricated 
for use in flowtests. 

A topical report is being written to describe the theoret ical-
experimental approach and the resul ts of the flowtests already performed. 

D. Chemistry and Chemical Separations 

1. Aqueous and Volatility P r o c e s s e s - - R e s e a r c h and Development--
Fluoride Volatility P roces s 

a, Fluorination Chemistry and Procedures (M. J. Steindler) 

Last Reported: ANL-7403, pp. 117-118 (Dec 1967). 

i 
I A statist ically designed ser ies of five experiments simulating 

the fluoride volatility processing of fast breeder reactor fuels is underway, 
using the 2-in.-dia fluid-bed reactor . The reaction steps in the current 
work consisted of oxidation with 20 v/o oxygen, fluorination with 10 v/o 
fluorine, and a subsequent recycle-fluorination with 90 v/o fluorine. 

In these experiments , effects on plutonium retention in the final 
bed a re being studied for two ratios of fuel to alumina (0.3 and 0.6), for two 
fluorination t empera tu res (350 and 450°C) in the fluorination step, and for 
two recycle-fluorination t imes (10 and 20 hr) . One run (FF-Al) has been 
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completed using 20% PUO2-UO2 powders and representat ive amounts of non
radioactive fission products. Run FF-Al utilized a fuel-to-alumina ratio of 
0 6, temperatures of 450°C for the oxidation step and 350''C for the fluorm-
ation step, and a 20-hr recycle-fluorination sequence which consisted of 
4 hr at 300°C, 3 hr each at 350, 400, 450, and 500°C, and 4 hr at 550°C. 

Results for Run FF-Al are not complete. However, resul ts ob
tained thus far indicate that the final bed contains <0.05 w/o Pu and 
<0.018 w/o U, which correspond to retention in the alumina bed of 0.5% of 
the 115 g of plutonium charged and 0.04% of the 459 g of uranium charged. 

b. PuF^ Chemistry and Purification P roces se s (M. J. Steindler) 

Last Reported: ANL-7427, pp. 119-120 (Feb 1968). 

In one step of the fluid-bed fluoride volatility process , oxidized 
fuel is reacted with fluorine, producing the hexafluorides of uranium and 
plutonium, and other volatile fluorides. The UF^ and PuF^, which are t r ans 
ported away from the fuel residue in a gas stream, must be separated from 
fission product fluorides in the gas mixture. One procedure being considered 
to achieve partial decontamination of PuF^ is to pass the gas s t ream through 
a fixed bed of granulated LiF. Ruthenium fluoride is retained in the bed 
(see Progress Reports for January and February 1968, ANL-7419, pp. 119-
120; ANL-7427, pp. 119-120). In the first stages of fuel fluorination (when 
the gas stream is a mixture of fluorine, actinide fluorides, and fission prod
uct fluorides), part of the plutonium is sorbed by LiF, but in the final stage 
of fluorination most of this plutonium is removed from the LiF by reaction 
with nearly pure fluorine that is then the gas s tream. 

One objective of current work is to identify the complexes formed 
in the reaction of PuF^-fluorine mixtures with solid LiF at 300°C. Another 
objective, necessitated by the requirement for an adequate plutonium 
throughput rate, is to determine the rate of plutonium recovery obtained by 
passing fluorine over the complexes at 400°C. 

In the present work, a PuF^-fluorine mixture was reacted with 
LiF at 300°C until the total composition of the complex formed was 29 .4m/o 
PUF4. X-ray powder diffraction analysis of the solid showed the presence 
of only LiF.PuF4, although it is presumed that LiF was also present . To 
recover plutonium from this complex, a sample was heated to 400°C and 
then fluorinated at 400°C with pure fluorine at a flow rate of 100 ml /min . 
At the end of successive 1- to 2-hr fluorination periods, the sample was 
weighed. The rate of weight loss during the plutonium-recovery step 
changed abruptly after 300-400 min of reaction t ime. The observed change 
in reaction rate suggests that two different plutonium-containing complexes 
participated in the recovery reaction. The X-ray powder pattern showed 
that the second solid phase was 4LiF.PuF4. Apparently, some 4LiF.PuF4 
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formed from LiF-PuF^ and LiF when the complex was heated to 400°C. In 
the first part of the plutonium-recovery step at 400°C, the remaining 
LiF-PuF4 is believed to have reacted with fluorine to form 4LiFPuF4 and 
PuF^. In the second par t of the plutonium-recovery step, 4LiF-PuF4 reacted 
with fluorine at a lower rate than in the first part to form LiF and PuF j . 

The rate constant for the fluorination of the 4LiF-PuF4 complex 
at 400°C was compared with the rate constant for the fluorination at 350-
375°C of plutonium from simulated nuclear fuel. The former rate was only 
slightly lower, indicating that plutonium recovery from LiF beds may be 
pract ica l . 

c. Fiss ion Product Fluoride Chemistry (R. L. J a r ry ) 

Last Reported: ANL-7427, pp. 120-121 (Feb 1968). 

(i) Chemistry of Ruthenium. The experimental study of the 
t ranspira t ion of mixtures of ruthenium fluorides and UFj (a stand-in for 
PuFj), using fluorine as the c a r r i e r gas, has been continued. Experiments 1 
to 4 were performed to evaluate absorption of ruthenium fluorides on LiF as 
a means of removing ruthenium from process gas s t reams . The ruthenium 
used was tagged with '° Ru to allow the movement of ruthenium to be moni
tored by gamma counting. In these experiments, a mixture of ruthenium 
fluorides and UF(, prepared in a fluorination step was trapped in a cold t rap 
at -78''C, and then the uranium and ruthenium species were t ranspired in a 
s t ream of fluorine by raising the cold- t rap tempera ture to 0, 50, 100, and 
150°C. The gas s t r eam from the cold t rap flowed through a LiF t rap at 
300-400°C and then through a NaF t rap at 100°C. 

Experiment 5, s imilar to Experiment 4 reported in ANL-7427, 
was performed. A RUO2-UF4 mixture was fluorinated at 550°C (instead of at 
600°C as in Experiment 4) with a 3:1 fluorine-oxygen mixture. The volatile 
products were cold trapped, and then t ranspirat ions were performed. 

In Experiment 5, as in Experiment 4, the counting data indi
cated lit t le t ranspor t of ruthenium during the 0 and 50°C transpirat ion per iods . 
When the cold- t rap t empera ture was increased to 100°C in Experiment 5, the 
quantities of ruthenium sorbed on the LiF at 350°C and on NaF at 100°C were 
s imilar to those obtained in ea r l i e r exper iments . In the early stages of 
t ranspirat ion, the t ranspi red ruthenium was all sorbed on the L iF . Ruthe
nium which broke through the LiF t r ap when 80% of the LiF capacity for 
ruthenium was reached was retained in the NaF t rap . Similar sorption be
havior was noted in previous exper iments . 

The data obtained in Exper iments 1 to 5 were reviewed to 
de termine whether sublimation of P u F j from the cold t rap at 0°C might be 
a feasible technique for separating plutonium from ruthenium. Es t imates 
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were made by comparing the background count of the LiF t rap with the ^ 
counting data accumulated during the fluorination period and the 0 and 50 C 
transpiration periods. The calculations resulted in maximum values of 
ruthenium transpired (95% confidence level) of 1.2, 0.8, 1.7, and 1.2 mg for 
Experiments 1, 2, 3, and 5, respectively, representing 0.08 and 0.17 percent 
of the ruthenium charged. (The corresponding value for Experiment 4 is not 
listed since the maximum counts per minute value was less than the back
ground count.) 

Decontamination factors were calculated (see Table III.D.l), 
using the values for maximum ruthenium transported at cold-trap tempera
tures of 50°C and less . These calculated DF values a re minimum values; 
the actual values at 0°C are probably much higher than the values given. 
For comparison, theoretical DF's based on vapor p ressu re data for RuF; 
are provided. 

TABLE III.D.l. Ruthenium Decontamination Fac to rs^ (DF) 
Obtained in Various Experiments 

T e m p 
(°c) 

0 
50 

Theoretical*^ 
DF 

5 x 10^ 
6 x 10^ 

DF, 
Expt . 1 

>8.3 X 10^ 

D F , 
Expt . 2 

>1 .3 X 10^ 

D F , 
Expt . 3 

>5 .9 x 10^ 

D F , 
Exp t . 5"= 

> 8 . 3 x 10^ 

^It was assumed that RuFg was the transpired species. There were 
1000 mg ruthenium in each charge. 

' 'For this calculation, the vapor pressure of RuFj at 50°C was taken from 
an equation by H. A. Bernhardt et al., AECD-2390 (1948). The 0°C vapor 
pressure value was an extrapolated value. 

""This is the combined value for 0 and 50°C transpirat ion periods. 

d. Neptunium Fluoride Chemistry (L. E. Trevorrow) 

Last Reported: ANL-7419, pp. 121-122 (jan 1968). 

In the fluid-bed fluoride volatility process , a gas s t ream con
taining UF^, PuF^, NpF(,, and other volatile fluorides may be passed through 
a fixed bed of NaF (which would be operated at various tempera tures be
tween 100 and 400°C in various steps of the process) . The NpF^ would be 
removed from the gas s t ream by the following reaction with NaF: 

3NaF(s) + NpF(,(g) = 3NaF-NpF5(s) + iF2(g). (D 

For subsequent recovery of the neptunium from the complex as NpFj, the 
3NaF.NpF5 may be fluorinated with fluorine. 
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Information on the equilibrium constant for the reaction would 
permi t quantitative prediction of the extent to which NpF(, would be taken 
up or re leased by a bed of NaF. The equilibrium constant 

Kp = ( P N P F , ) / ( P F 2 ) " ' 

for the fluorination of 3NaFNpF5 by fluorine has been determined at a p r e s 
sure of 700 Tor r and t empera tu res of 250 to 400°C. The procedure used 
was to circulate fluorine gas over a sample of the complex for about 15 hr. 
Then a sample of the gas phase (a mixture of NpFj, and fluorine) was trapped 
in a 5-cm spect rometer cell, and the total absorbance of the gaseous sample 
was measured at 2210 A. In all samples, the part ial p ressure of NpF^ was 
small compared to that of fluorine, whereas the ultraviolet absorbance of 
fluorine was small compared to that of NpFj. The p re s su re of fluorine in 
a sample was assumed to be equal to the total p ressure , which was mea
sured with a nickel Bourdon gauge. The measured absorbance at 2210 A 
was used in calculating the part ial p re s su re of NpF^. 

It was determined that the equilibrium constant can be expressed 
as a function of tempera ture by the equation 

log Kp(atm'/^) = 1 ^ ^ 1 ^ ^ + 2 . 7 8 4 . 

Several measurements , made at 350°C with fluorine p r e s su re s 
varying from 150 to 1500 Tor r , showed that log P N O F ^ " ^ ^ ^ linear function 
of log P p with a proportionality coefficient of 0.49, which is comparable 
to the value of l /2 expected for Reaction 1. Tfie value of K at 350°C was 

F r o m the values of the equilibrium constant, the following values 
for thermodynamic functions for the fluorination of 3NaF-NpF5 have been 
calculated over the range 250-400°C: mean enthalpy change, 14.4 kcal /mole 
NpF(,; mean entropy change, 12.7 cal /(mole NpF6)(°K). The standard free 
energy change at 298°K was 10.6 kcal /mole NpF^. 

The resu l t s obtained in this study will be useful in devising a 
method for separation of NpFj from UFt by selective sorption and desorp-
tion on sodium fluoride. 

e. Engineer ing-scale Development for UO2-PUO2 Fuel 
(N. M. Levitz) 

Last Reported: ANL-7427, pp. 121-122 (Feb 1968). 

Flowsheet concepts for process ing fast breeder fuels by fluoride 
volatility methods a re being designed. A low-decontamination process 
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scaled for the plutonium-uranium oxide fuel load discharged from a 
3000-MWe utility complex is being considered initially. The scheme se
lected as a reference flowsheet includes a sequence of batch operations 
selected for the most part on the basis of past studies on light water r e ac 
tor fuels. Chemical requirements, process flows, and heat loads a re being 
calculated, equipment is being sized, and an engineering (equipment) flow
sheet is being prepared. 

The proposed process steps are (l) mechanical separation of the 
fuel elements from some of the associated hardware, (2) decladding with a 
gas mixture such as 80% HF-20% O2, (3) fuel pulverization by reaction with 
oxygen, (4) treatment of the particulate mixture with 100% HF to convert 
certain compounds to a form compatible with the process scheme, (5) fluo
rination with fluorine to convert the mixture to volatile UFf,, volatile PuF^, 
and other fluorides (some volatile and some not), (6) steps to purify UF^ 
and PuFfc (i.e., to separate them from the bulk of the volatile fission product 
fluorides and cladding fluorides), and (7) conversion of the UFe,-PuF(, mix
ture to mixed oxide particulate by reaction with a steam-hydrogen mixture . 

2. Closed Cycle P roces se s - -Resea rch and Development--Compact Pyro-
chemical Processes 

a. Process Chemistry of Molten Salt Systems (I. Johnson) 

Last Reported: ANL-7419, pp. 123-124 (Jan 1968). 

The solubility of calcium oxide in a CaCl2-20 m / o CaF2 salt 
mixture was measured to determine the l imits of oxide loading in the 
CaCl2-CaF2/Cu-Mg-Ca reduction system specified for the current pyro
chemical flowsheet. 

Two experiments were performed in which calcium oxide in 
excess of the estimated solubility was mixed with purified CaCl2-20 m / o 
CaFj in a baffled tantalum crucible at 900 to 950°C. Fi l tered samples were 
taken on both rising and falling temperature cycles after the salt had been 
equilibrated by stirring at each temperature for at least 2 hr. 

The solubility of calcium oxide in the CaCl2-20 m / o CaF^ mix
ture as determined by analyses of the samples is plotted as a function of 
temperature in Fig. III.D.l. The data from both experiments are in excel
lent agreement. A break occurs in the curve at about 735°C, and a change 
in the ratio of fluoride to chloride in samples taken above and below the 
break indicates that a solid phase containing chloride precipitates below 
735°C. The nature of this solid phase will be investigated in future 
experiments. 
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b . M a s s T r a n s f e r in S a l t - M e t a l S y s t e m s (R. D. P i e r c e ) 

L a s t R e p o r t e d : A N L - 7 4 1 9 , p . 125 (Jan 1968). 

M e a s u r e m e n t s of the d i s t r i b u t i o n coeff ic ient of c e r i u m be tween 
M g - C d a l l o y s and a 55 m / o MgCl2-27 m / o N a C l - 1 8 m / o KCl sa l t m i x t u r e 
have b e e n c o m p l e t e d . The m e a s u r e m e n t s w e r e m a d e at 441 , 500, 527, 578, 
and 636°C with m a g n e s i u m c o n c e n t r a t i o n s r ang ing f rom 10 to 60 a / o . T h i s 
w o r k i s p a r t of a p r o g r a m to i n v e s t i g a t e m a s s - t r a n s f e r r a t e s in s a l t - m e t a l 
s y s t e m s , and is d i r e c t l y r e l a t e d to 
the s a l t - m e t a l e x t r a c t i o n o p e r a t i o n s 
u s e d in p y r o c h e m i c a l p r o c e s s e s ( s e e 
P r o g r e s s R e p o r t for O c t o b e r 1967, 
A N L - 7 3 9 1 , pp. 151-152) . 

The r e s u l t s of t h e d i s t r i -
but ion m e a s u r e m e n t s a r e p lo t ted in 
F i g . III .D. 2. The equa t ion for the r e 
ac t ion of c e r i u m t r a n s f e r r i n g b e 
tween the m e t a l and sa l t p h a s e i s 

Ce + 3/2 MgCl j - C e C l j + 3 /2 Mg. 

A c o r r e l a t i o n is be ing d e v e l o p e d 
b a s e d on e q u i l i b r i u m d a t a for the 
r e a c t i o n . 

Fig. Ul.D.2 
Cerium Distribution between Magnesium-
Cadmium Alloys and 55 m/o MgCl2-
27 m/o NaCl-18 m/o KCl Salt 

D e s i g n w o r k h a s begun 
on the next p h a s e of the p r o g r a m in 
which the k i n e t i c s of so lu t e t r a n s p o r t 
in s a l t - m e t a l s y s t e m s wi l l be s tud ied 
u s i n g s i n g l e m e t a l d r o p s fal l ing in a con t inuous sa l t p h a s e . P r e l i m i n a r y 
w o r k i s be ing done wi th m e r c u r y at r o o m t e m p e r a t u r e to d e v i s e a m e t h o d 
of f o r m i n g and r e l e a s i n g s i n g l e m e t a l d r o p s . 
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c. L a b o r a t o r y P r o c e s s D e v e l o p m e n t (I. J o h n s o n ) 

L a s t Repor t ed : A N L - 7 4 1 9 , pp. 125-126 (Jan 1968). 

An e x p e r i m e n t w a s p e r f o r m e d to study the r e d u c t i o n of UO2-PUO2 
solid solut ion with the CaCl2-20 m / o C a F a / C u - M g - C a r e d u c t i o n s y s t e m , and 
to d e t e r m i n e if p lu tonium would c o p r e c i p i t a t e with u r a n i u m in the r e d u c t i o n . 
Fifty g r a m s of UO2-2O w / o PUO2, 263 g of C u - 3 8 w / o Mg, 20 g of c a l c i u m , 
and 150 g of CaCl2-20 m / o C a F j w e r e c h a r g e d to a baffled t a n t a l u m c r u c i b l e 
and s t i r r e d at 800 r p m for 6 h r at 800°C to r e d u c e the o x i d e s . After the sa l t 
and the s u p e r n a t a n t C u - M g w e r e p o u r e d away f r o m the u r a n i u m p r e c i p i t a t e , 
the u r a n i u m was d i s s o l v e d in 800 g of Z n - U w / o Mg a l loy at 800°C. F i l t e r e d 
s a m p l e s w e r e t aken of both the C u - M g - C a al loy d u r i n g the r e d u c t i o n and the 
Zn-Mg alloy after the d i s s o l u t i o n of the u r a n i u m p r e c i p i t a t e . The r e d u c t i o n 
sal t was a l so c r u s h e d and s a m p l e d . 

A n a l y s e s of the s a m p l e s showed tha t the p l u t o n i u m - t o - c o p p e r 
r a t i o in the Zn-Mg alloy was the s a m e a s that in t he C u - M g - C a r e d u c t i o n 
a l loy. This r e s u l t i n d i c a t e s that none of the p lu ton ium (within ±0.5% a n a 
ly t i ca l e r r o r ) c o p r e c i p i t a t e d with the u r a n i u m , s ince any c o p r e c i p i t a t i o n of 
p lu tonium would have r e s u l t e d in a h i g h e r p l u t o n i u m - t o - c o p p e r r a t i o in the 
Zn-Mg al loy. The a n a l y s e s a l so i nd i ca t ed c o m p l e t e r e d u c t i o n of the 
UO2-PUO2. 

3. G e n e r a l C h e m i s t r y and C h e m i c a l E n g i n e e r i n g - - R e s e a r c h and 
Deve lopment 

a. Studies of the Col lo ida l B e h a v i o r of C a r b o n - b e a r i n g S p e c i e s in 
Sodium (F . A. Cafasso ) 

L a s t Repor t ed ; A N L - 7 4 0 3 , p . 124 (Dec 1967). 

Ev idence for the e x i s t e n c e of d i s p e r s e d , c a r b o n - b e a r i n g p a r 
t i c u l a t e s in l iquid sod ium h a s a c c u m u l a t e d in r e c e n t y e a r s , but the t endency 
of such p a r t i c u l a t e s to c a r b u r i z e a u s t e n i t i c s t e e l s h a s not been t e s t e d . The 
t e s t s r e q u i r e s t ab le and w e l l - c h a r a c t e r i z e d d i s p e r s i o n s of c a r b o n - b e a r i n g 
m a t e r i a l s in l iquid sod ium. The p r e p a r a t i o n of such d i s p e r s i o n s i s t h e r e 
fore being a t t e m p t e d . 

Stable co l lo ids have been c r e a t e d in m e r c u r y , but in no o t h e r 
liquid m e t a l . * , * * To gain e x p e r i e n c e in p r e p a r i n g c o l l o i d s in l iquid m e t a l s 
and to d e t e r m i n e the r e l i a b i l i t y of f i l t r a t i o n for d e t e c t i n g such d i s p e r s i o n s , 
p r e l i m i n a r y e x p e r i m e n t s a r e be ing m a d e wi th i r o n - i n - m e r c u r y s o l s . A c 
cordingly , a sol conta in ing -3600 ppm i r o n in m e r c u r y w a s p r e p a r e d by 

*Luborsky, F. E., J. Phys. Chem. 61, 1336 (1957). 
**Warf, J. M. C, Karol, W. L., and Hardcastle, K. I., Inorg. Chem. 5, 1726 (1966). 
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e l e c t r o l y z i n g a FeCl2 so lu t ion above m e r c u r y . The p r o c e d u r e w a s tha t u s e d 
by L u b o r s k y * to f o r m d i s p e r s i o n s in m e r c u r y of i r o n p a r t i c l e s r a n g i n g in 
s i z e f r o m 10 to 5000 A. D e s p i t e the s i z e of the p a r t i c l e s , the bulk of the 
i r o n could be f i l t e r e d out wi th a 15 / i - p o r o s i t y t a n t a l u m fr i t , l e av ing only 
5 p p m of the o r i g i n a l 3600 p p m i r o n in the f i l t r a t e . * * M o r e o v e r , t h i s c o n 
c e n t r a t i o n w a s not changed by s u b s e q u e n t f i l t r a t i o n . It t hus a p p e a r s tha t 
f i l t e r a b i l i t y nnay be a conven i en t c r i t e r i o n for the e x i s t e n c e of co l lo ida l i r on 
in m e r c u r y and, p o s s i b l y , for the e x i s t e n c e of c o l l o i d s in o t h e r l iquid m e t a l 
s y s t e m s . 

The p r e p a r a t i o n of d i s p e r s e d c a r b o n - b e a r i n g s u b s t a n c e s (e .g . , 
C and Fe3C) in s o d i u m by e l e c t r o l y s i s i s not f e a s i b l e . H e n c e , o t h e r m e t h o d s 
in wh ich m e r c u r y s e r v e s a s the d i s p e r s a n t a r e be ing e x p l o r e d . One such 
nnethod now u n d e r s tudy is m e c h a n i c a l a g i t a t i o n . F i n e p a r t i c l e s ( 0 . 0 5 - 0 . 5 fi) 
of e l e m e n t a l i r o n w e r e s u c c e s s f u l l y d i s p e r s e d in m e r c u r y at r o o m t e m p e r a 
t u r e by a g i t a t i o n in a W i g - L - B u g m i x e r . A n a l y s i s of un f i l t e r ed and f i l t e red 
(15 |Li-porosity t a n t a l u m fr i t ) s a m p l e s of the m i x t u r e showed the p r e s e n c e of 
17 and 3 ppin i r o n in m e r c u r y , r e s p e c t i v e l y . An a t t e m p t i s now be ing m a d e 
to p r e p a r e a d i s p e r s i o n of e l e m e n t a l c a r b o n (90 A p a r t i c l e s ) in l iquid s o d i u m 
by th i s m e t h o d . 

*Ibid, see p. 11-*. 
**The solubility of iron in mercury is reported as <1 ppm in Hansen's "Constitution of Binary Alloys,' 

McGraw-Hill, New York. N. Y. (1958). 
"̂ Crescent Dental Manufacturing Co., Chicago, 111. 
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IV. ADVANCED SYSTEMS RESEARCH AND DEVELOPMENT 

A. Argonne Advanced Research Reactor (AARR)--
Research and Development 

1, Core Research and Development 

a. Heat - t ransfer Analysis (R. R. Rohde) 

Last Reported: ANL-7419, pp. 134-137 (Jan 1968). 

(i) Analysis of Core Structures . New est imates of the steady-
state t empera ture have been calculated in the analysis of temperatures in 
the reflector shroud and pedestal . These calculations were made for the 
long gusset only, because previous calculations indicate that this is a con
servative case (see ANL-7419). 

The previous model was changed to incorporate the upper 
support ring as shown in Fig. IV.A.l. Depicted there are the node numbers 
and the basic dimensions of the upper support ring, which, although actually 
c i rcular , was approximated in these calculations by rectangular geometry. 

The upper support ring is attached to the gussets by welding 
at Nodes 162, 163, and 164; therefore, a metallurgical bond was assumed at 
these locations. Table IV.A.l lists the boundary conditions. In these cal
culations, more real is t ic (though still conservative) values of the heat-
t ransfer coefficients were used than were employed in the previous study. 
Figure IV.A.2 shows the major portion of the heat- t ransfer boundary con
ditions for the s t ruc ture . Faces 1 and 4 of Ndtte 175, Face 1 of Nodes 169 
and 170, and Face 2 of Node 179 were considered to be insulated. The por
tion of the reflector shroud and pedestal that does not include the gusset or 
the support ring was considered to be insulated on Faces 5 and 6. Faces 1, 
2, 3, and 5 of each node of the gusset having a water boundary were assigned 
the Face-6 coefflcients designated in Fig. IV.A.2. For example. Faces 1, 5, 
and 6 of Node 160 had a film coefflcient of 200 Btu/hr-ft -°F, and Faces 2, 
3, 5, and 6 of Node 40 had a fllm coefficient of 100 Btu/hr-ft -°F. 

Faces 2 and 4 between Nodes 16-17, 25-26, 31-32, 66-67, 
and 74-75 were assumed to be insulated; for Nodes 126-127, 141-142, and 
156-157 these faces were assumed to be joined by a good metallurgical 
bond A film coefflcient of 50 Btu/hr- f t^- 'F was assumed for the same faces 
of the other nodes at the interface of the gusset and the reactor shroud and 
pedestal proper . 

The outline of the beryll ium is shown in Fig. IV.A.2. The 
t empera tu re of the water was assumed to be 160°F below the beryll ium and 
120°F on the la tera l surface of the beryll ium. The aluminum thermal con
ductivity was assigned a value of 80 Btu/hr- f t -°F , which is considered to be 
conservat ive . 
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ODE SURFACE NUMBERING { T Y P I C A L ! 

Fig, IV.A.l. Node Numbers and Dimensions for Upper Support Ring-Gusset Attachment 

TABLE IV.A.l. Boundary Conditions for Upper Support Ring 

Film Coefficient^ 
(Btu/hr-ft^-°F) 

171. 247-251 
272-276 

172, 252-256 
277-281 

257-261, 282 
262-266, 287 
175, 267-271 

292-296 

286 
291 

In 

250 

300 
b 
b 

sulated 

b 

b 
300 
300 

300 

250 

300 
300 
b 

^Faces 5 and 6 insulated at extremities, e.g.. Face 5 of Node 251, Face 6 of Node 276. 
Metallurgical bond assumed between extremit ies . 
Metallurgically bonded to adjoining face. 
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The results of calculations for 100-MW reactor power are 
summarized in Table IV.A.2. The highest temperature , 259°F, occurs in 
the upper support ring at Node 17 5. Temperatures in the upper support 
ring are essentially uniform and about equal to that of Node 175. 

TABLE IV.A.2. Reflector Shroud and 
Pedestal Temperatures 

Node No. 

5 
22 
33 
36 
50 
65 
76 
83 
87 
112 

Temp (°F) 

193 
191 
173 
187 
197 
217 
193 
228 
212 
228 

Node No. 

120 
140 
149 
175 
199 
243 
282 

289 
292 
296 

Temp (°F) 

241 
227 
240 
2 59 

227 
207 
2 50 

252 
259 
258 

These results are considered adequate for prel iminary 
design purposes. Subsequent calculations will include t reatment of alu
minum oxide scale formation and conditions of reactor overpow^er. 

b. Core Structure Development (W. J. Kann) 

Last Reported: ANL-7427, pp. 131-132 (Feb 1968). 

(i) Stress Analysis of Vessel Internals and Beam Tubes. The 
contract addendum for analysis of the beam tubes by Franklin Institute has 
been approved. It is expected that all Phase-I and -II work on all tasks 
will be completed before July 1968, but that preparation of final reports 
(Phase III) might extend somewhat later . 

(ii) Test of Beam-tube-l iner Seal. To confirm the room-
temperature tests of the prototype of the seal that will be between the 
aluminum liner and the beryllium reflector, it was retested at 150°F and 
at pressures of 50 and 100 psig. No appreciable leakage was found. 
Table IV.A.3 summarizes the data. These tests indicate that, at the 100-psi 
nominal differential p ressure across the beam-tube l iners during reactor 
operation, the leakage across the seal should be very small near room 
temperature, but that the leakage should be essentially zero at tempera
tures approaching the reactor operating'conditions. The final design de
tails of the beam-tube l iners will be completed after s t r e s s analysis is 
completed. 
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T A B L E I V . A . 3 . L e a k a g e ( m l / h r ) P a s t B e a m - t u b e - l i n e r Seal 

„ R o o m T e m p e r a t u r e 
P r e s s u r e 1 l rO°F 

(ps ig) T e s t 1 T e s t 2 T e s t 3 T e s t 4 

50 0 6 0 
100 50 18 175 0 
150 575 600 - 3 d r o p s in 1 h r 

(ii i) O - r i n g - s e a l T e s t and S l i d i n g - w e a r T e s t s . D r a w i n g s have 
b e e n c o m p l e t e d for two t e s t s of c o r e s t r u c t u r a l c o m p o n e n t s . The f i r s t t e s t , 
which p e r t a i n s to the m e t a l l i c O - r i n g s for s e a l i n g the c o r e - s u p p o r t a d a p t e r 
p l a t e to the v e s s e l - c o r e - s u p p o r t l edge and the r e f l e c t o r - s u p p o r t p e d e s t a l 
to the a d a p t e r p l a t e , i s to v e r i f y c r i t i c a l d e s i g n d e t a i l s such as g a s k e t 
d i m e n s i o n s , bo l t ing l o a d s , and ef fec ts of joint t r a n s l a t i o n and r o t a t i o n on 
s e a l i n g c h a r a c t e r i s t i c s . 

The s e c o n d t e s t a s s e m b l y wil l be u s e d to s tudy the effects 
of s l i d i n g c o n d i t i o n s u n d e r p r e s s u r e on s e v e r a l t ypes of h a r d - s u r f a c e d 
m a t e r i a l s t ha t wi l l be i n c o r p o r a t e d in to the v e s s e l i n t e r n a l s in a r e a s w h e r e 
s l igh t t r a n s l a t i o n of the b e a r i n g s u r f a c e s m a y o c c u r . One such a r e a is the 
jo in t b e t w e e n the c o r e - s u p p o r t a d a p t e r p l a t e and the v e s s e l - s u p p o r t l edge 
r i n g . 

T h e s e t e s t s a r e needed b e c a u s e a v a i l a b l e w e a r and gal l ing 
da t a u s u a l l y a r e c o n c e r n e d wi th e i t h e r high con tac t p r e s s u r e s or high t e m 
p e r a t u r e s , o r a c o m b i n a t i o n of the two. 

2. C o m p o n e n t D e v e l o p m e n t 

a. S a m p l e I r r a d i a t i o n D e v i c e s (R. W. S e i d e n s t i c k e r ) 

L a s t R e p o r t e d : A N L - 7 4 0 3 , p . 135 (Dec 1967). 

(i) H y d r a u l i c - r a b b i t S y s t e m . The u n d e r w a t e r l i f e - c y c l e 
t e s t i n g of the h y d r a u l i c - r a b b i t load s t a t i o n h a s b e e n t e r m i n a t e d a f t e r 
s u c c e s s f u l l y c o m p l e t i n g about 13,000 c y c l e s , equ iva l en t to an e s t i m a t e d 
5 y r of o p e r a t i o n wi th the r e a c t o r . I n c r e m e n t a l p r e s s u r e t e s t s w e r e p e r 
f o r m e d w i t h 9 0 - p s i a i r ( the e x p e c t e d i n t e r n a l o p e r a t i n g p r e s s u r e ) d u r i n g 
the t e s t s ; no l e a k a g e w a s o b s e r v e d . H o w e v e r , the final h y d r o s t a t i c t e s t at 
250 p s i g did i n d i c a t e tha t t he r e a r O - r i n g s e a l had a s l igh t l eak (25 p s i in 
15 m i n ) , wh ich w a s e a s i l y c o r r e c t e d by r e p l a c i n g the O - r i n g . M a i n t e n a n c e 
of a l oad ing s t a t i o n i s s i m p l i f l e d by a t o t a l - p a c k a g e c o n c e p t tha t p e r m i t s 
r e l a t i v e l y e a s y r e p l a c e m e n t u n d e r w a t e r . 
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P r o t o t y p e handl ing tools for the r e f l e c t o r h y d r a u l i c - r a b b i t 

facil i ty have been f ab r i ca t ed and a r e being t e s t e d . 

(ii) I n s t r u m e n t a t i o n and Cont ro l of P r o t o t y p e H y d r a u l i c Rabbi t . 
Design of the con t ro l c i r c u i t for the h y d r a u l i c - r a b b i t p r o t o t y p e h a s been 
comple ted . S o l i d - s t a t e logic con t ro l e l e m e n t s and the required ampl i f i ers 
have been o r d e r e d ; the i n s t r u m e n t a t i o n equ ipment i s be ing p r o c u r e d . 

When t e s t s of v a r i o u s s a m p l e - d e t e c t i o n s c h e m e s a r e 
comple ted , final des ign of th i s p a r t of the s y s t e m wil l be s t a r t e d . 

(iii) Rabb i t - f ac i l i t y Hea t T r a n s f e r . The a p p r o x i m a t e two-
d imens iona l p r o g r a m has been shown to be su i t ab l e for s tudying the effect 
of facil i ty p a r a m e t e r s on s t e a d y - s t a t e t e m p e r a t u r e d i s t r i b u t i o n s in the 
i n t e rna l t h e r m a l co lumn (ITC) hyd rau l i c r abb i t . F i g u r e IV.A,3 c o m p a r e s 

v a r i o u s t e m p e r a t u r e p ro f i l e s 
c a l c u l a t e d by two codes (both 
h e a t - t r a n s f e r p r o g r a m s con
s i d e r the s a m p l e to be loca ted 
c o n c e n t r i c a l l y within the tube: 
the effect of s a m p l e e c c e n 
t r i c i t y wil l be s tud ied ) . The 
p ro f i l e s of the coolan t and 
the p r i m a r y w a t e r as c a l 
cu la ted by the two codes a r e 
a l m o s t i den t i ca l . The only 
d i f fe rence be tween the p r o 
g r a m s is tha t the a p p r o x i m a t e 
p r o g r a m a s s u m e s no axia l 
conduct ion . The effect of this 
d i f fe rence is s e e n in the tube 
t e m p e r a t u r e p ro f i l e ; as ex 
pec t ed , the prof i le c a l c u l a t e d 
by the a p p r o x i m a t e p r o g r a m 
is h i g h e r . As the conduct iv i ty 

of the tube me ta l d e c r e a s e s , the d i f fe rence in t e m p e r a t u r e p ro f i l e s d e 
c r e a s e s . Fo r a r ange of va lues of s e v e r a l faci l i ty p a r a m e t e r s , the only 
signif icant d i f ference be tween t e m p e r a t u r e p ro f i l e s c a l c u l a t e d by the p r o 
g r a m s was the d i f fe rence in tube t e m p e r a t u r e p r o f i l e s . 

J L J L 
Above ' t Below It 

Aiiol Locotion, in. 

IV.A.3. Temperature Profiles in Coolant. Primary 
Water, and Tube of the ITC Hydraulic 
Rabbit Facility as Calculated by a Two-
dimensional Program (dashed lines) and 
by an Approximate Two-dimensional 
Program (solid lines) 

An a p p r o x i m a t e t w o - d i m e n s i o n a l p r o g r a m was used to 
study the p a r a m e t e r s of a g a s - c o o l e d rabb i t faci l i ty in the ITC. Fac i l i t y 
t e m p e r a t u r e prof i les a r e shown in F i g s . IV.A.4 and IV.A. 5 for the p a r a m 
e te r va lues of Table IV.A.4. How p a r a m e t e r v a r i a t i o n s affect faci l i ty 
t e m p e r a t u r e prof i les is being ca lcu la ted^ 
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Fig. IV.A.5. Temperature Profiles of Sample in Gas-
cooled Rabbit Facility in the ITC 

T A B L E IV.A.4 . P a r a m e t e r s of a G a s - c o o l e d 
Rabbi t F a c i l i t y 

H e l i u m 
Inlet t e m p e r a t u r e 
Out le t t e m p e r a t u r e 
Inlet p r e s s u r e 
Out le t p r e s s u r e 
F low r a t e 

P r i m a r y W a t e r 
Inle t t e m p e r a t u r e 
Out le t t e m p e r a t u r e 
V e l o c i t y 

A l u m i n u m Tube 
O u t e r d i a m e t e r 
Wall 

S a m p l e 
M a t e r i a l 
D i a m e t e r 
Leng th 

R e a c t o r P o w e r 

100°F 
124°F 
400 p s i a 
380 p s i a 
4 I b m / m i n 

120°F 
161°F 
4 f t / s e c 

0.625 in. 
0.072 in. 

C a d m i u m 
0.10 in. 
0 .75 in. 

100 MW 

F a c i l i t y hea t r e t a i n e d and to be r e m o v e d by 
h e a t e x c h a n g e r - 2.07 kW 
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b. Beam Tube Development (A. R. Jamrog) 

Last Reported: ANL-7427, pp. 132-133 (Feb 1968). 

The load test and deflection measurements of the prototype 
blind beam tube within the test facility were completed. For these, a 
hydraulic jack was used to apply a 2500-lb vert ical load at the outboard 
end of the beam-tube adapter to simulate the load of the beam-tube shield 
plug. The load moved the outboard end of the adapter 0.035 in., which 
reflected a 0.005-in. change in the clearance gap between the inside 
diameter of the reflector sleeve and the outside diameter of the blind-
tube cooling jacket. The integrity of the nozzle, beam-tube, and reac tor -
pool seals will be tested under the same beam-tube-load conditions. 

A gasketed isolation plug has been designed and plug fabrica
tion is about 10% complete. The isolation plug will replace the connector-
end bellows during the hydrostatic test of the prototype through beam tube 
in the test facility to prevent damage to the bellows. 

c. Internal Thermal Column Development (R. W. Seidensticker) 

Last Reported: ANL-7427, p. 133 (Feb 1968). 

The ITC test-facility components, which include the breech-
lock closure, the simulated ITC tower, and the inner core opening, have 
been installed in the test chamber of the General-purpose Hydraulic 
Loop. In preliminary flow tests with these components in the test chamber, 
severe vibration problems were encountered at flow speeds of only 3 ft/sec 
in the 5-in.-ID target tower. By tr ial and e r ro r , the problem was isolated 
to a temporary flat-plate flow orifice that is not a part of the prototype. 
This orifice had been sized to produce 4-ft /sec fluid speed at 1 10-psi 
pressure drop in the ITC. After this temporary orifice plate was r e 
moved, flow tests were conducted successfully at speeds up to 17.5 ft/sec 
(lOOO gpm) within the target tower with no indication of any vibration 
problems. 



125 

V. N U C L E A R S A F E T Y 

A. O t h e r R e a c t o r K i n e t i c s - - R e s e a r c h and D e v e l o p m e n t 

1. F u e l M e l t d o w n S tud i e s wi th T R E A T 

a . Me l tdown S t u d i e s 

(i) C e r a m i c F u e l S tud i e s (C. E . D i c k e r m a n ) 

L a s t R e p o r t e d : A N L - 7 3 4 9 , p . 124 (June 1967). 

(a) I r r a d i a t i o n of U n e n c a p s u l a t e d M i x e d - o x i d e P i n s in 
E B R - I I . A g r o u p of 19 m i x e d - o x i d e fuel r o d s , c l ad in 0 . 2 9 0 - i n . - O D 
Type 304L s t a i n l e s s s t e e l , i s awai t ing i r r a d i a t i o n , u n e n c a p s u l a t e d , in 
E B R - I I . T h e s e p in s a r e i n t ended to be r u n in the f i r s t e x p e r i m e n t a l s u b 
a s s e m b l y of u n e n c a p s u l a t e d p i n s , a long wi th 16 s i m i l a r m i x e d - o x i d e p ins 
f r o m G e n e r a l E l e c t r i c . The p r e l i m i n a r y i r r a d i a t i o n - d a t a p a c k a g e s for 
both g r o u p s of p ins w e r e r e v i e w e d a s p a r t of the d e v e l o p m e n t of c r i t e r i a 
for u n e n c a p s u l a t e d e x p e r i m e n t a l i r r a d i a t i o n s . As the r e s u l t of a d e t a i l e d 
d i s c u s s i o n of e x p e r i m e n t e r s and E B R - I I staff, new and expanded da ta 
p a c k a g e s h a v e been p r e p a r e d and sent to the E B R - I I I r r a d i a t i o n s staff. 

(ii) M e t a l l i c F u e l S tud i e s (C. E . D i c k e r m a n ) 

L a s t R e p o r t e d : A N L - 7 3 4 9 , p . 122 (June 1967). 

One a r g o n - b o n d e d E B R - I I M a r k - I pin was m e l t e d down in 
i t s c l a d d i n g , wi thout c l add ing f a i l u r e , in a T R E A T loop e x p e r i m e n t d e s i g n e d 
to a s s i s t in a n a l y s i s of the c o n s e q u e n c e s of a l ^ s s - o f - b o n d f a i l u r e of a 
s i n g l e d r i v e r p in d u r i n g E B R - I I o p e r a t i o n , b e f o r e the pin had r e c e i v e d 
a p p r e c i a b l e b u r n u p . The c o u r s e of a l i m i t e d p r o g r a m of fo l low-up e x p e r i 
m e n t s h a s b e e n u n d e r s tudy in joint c o l l a b o r a t i o n with p e r s o n n e l of the 
E B R - I I O p e r a t i o n s staff. B e f o r e p r o c e e d i n g to i n v e s t i g a t i o n of the effects 
of b u r n u p and of s o m e w h a t m o r e r e a l i s t i c s i m u l a t i o n s , it h a s been dec ided 
to r e r u n the p r e v i o u s loop e x p e r i m e n t for c o n f i r m a t i o n . Al though the e n 
c o u r a g i n g r e s u l t s of tha t e x p e r i m e n t w e r e in a g r e e m e n t with t h e o r e t i c a l 
p r e d i c t i o n s , t h e r e a r e u n c e r t a i n t i e s in the ef fec ts of such f a c t o r s as fue l -
c ladd ing hea t t r a n s f e r and the s e v e r e t h e r m a l shock p r o d u c e d in the c l a d 
ding by fuel s l u m p i n g when it m e l t s . The M a r k - I I n t e g r a l Loop u s e d for the 
p r e v i o u s a r g o n - b o n d e d pin e x p e r i m e n t is be ing p r e p a r e d for t he new t e s t . 

(iii) T r a n s i e n t C o o l a n t B e h a v i o r (C , E . D i c k e r m a n ) 

L a s t R e p o r t e d : A N L - 7 4 0 3 , p . 140 (Dec 1967). 

P r e l i m i n a r y c a l c u l a t i o n s have b e e n p e r f o r m e d on T R E A T 
e x p e r i m e n t s to check the a p p l i c a b i l i t y of an e x i s t i n g m o d e l of M a c F a r l a n e * 

*MacFa[Une, D., An Analytical Study of the Transient Boiling of Sodium in Reactor Coolant Channels, 
ANL-1222 (June 1966). 
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for describing the transient behavior of sodium vaporizing in a fast reactor 
coolant channel. The sample geometry selected for the loop experiments 
is that of a single pin, surrounded by a steel flow channel of low heat capac
ity. Since the major cri terion for the pin is that it be a reliable heat source 
that has a "reasonable" tolerance for overpower without failure, the pin 
finally chosen on the basis of the calculations is gas-bonded UC , clad by 
0.290-in.-OD stainless steel cladding. The calculations indicate that, for a 
given set of coolant-flow and inlet- temperature conditions, this pin would 
have a higher cladding heat flux at pin failure than a corresponding gas-
bonded oxide. Although EBR-II Mark-I-type pins have been shown to have 
failure thresholds under transient conditions well in excess of the needs 
for these experiments, prefailure movements inside the cladding were cal
culated to occur under conditions that could seriously interfere with anal
ysis of the experiment data. 

(iv) Development of Experimental Methods (C. E. Dickerman) 

Last Reported: ANL-7419, p. 143 (Jan 1968). 

The results of some calculations were reported in ANL-7419 
in connection with a study of the physics requirements for hardening the 
neutron spectrum at the test region in the TREAT reactor for transient ex
periments on clusters of fast reactor fuel pins. At present this can only be 
done by filtering low-energy neutrons, a procedure which decreases avail
able sample energy excessively for relatively incomplete filtering. The 
previously reported converter design yields a hard neutron spectrum simi
lar to that of a fast reactor , with a maximum to minimum power ratio in 
the 7-pin-cluster test sample smaller than 1.01 (this is the ratio of the 
power at the "spike" at outer edge of the 6-pin ring to the power at the 
center of the central pin). It was found that the maximum available energy 
for melting of the test samples exceeded the energy required to melt com
pletely the UO2 + PuOi test sample by 30%. It was also stated in ANL-7419 
that the factor could be further increased by allowing some softening of the 
neutron spectrum in the test section. 

In the present extension of this study, the maximum to 
minimum power ratio in the test sample has been allowed to increase to 
~1.07. Also, the maximum allowable temperature in the core has been 
allowed to increase to 600°C. The maximum allowable converter tempera
ture has remained at 1800°C. These allowances have resulted in increasing 
the above factor (ratio of energy density available at the test sample to 
that required for complete adiabatic melting of mixed oxide test sample) 
from about 1,3 to 2.7, that is , the new "soft spectrum" reference case will 
produce sample energy input of -10,000 ca l /cc . 

The isotopic densities (units of 10^̂  a toms/cc) and charac
terist ics of this converter design are given in Table V.A.I. 
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2. Mater ia ls Behavior, Equation of State, and Energy Transfer 

a. Mater ia ls Behavior and Energy Transfer 

(i) Studies of High-temperature Proper t ies of Fast Reactor 
Mater ia l s : Heat Capacity of Liquid UO^ (L. Leibowitz 
and M. G. Chasanov) 

Last Reported: ANL-7403, p. 146 (Dec 1967). 

The lack of information about the thermophysical proper
ties of reactor mater ia l s at high tempera ture and p re s su re has been a 
major handicap in the calculation of the severity of certain kinds of fast 
reactor incidents. Experiments a re being conducted to measure the heat 
content of liquid uranium dioxide, which will facilitate estimation of the 
total energy released and the tempera tures attained in the core during 
destructive nuclear excursions. Drop-ca lor imetr ic techniques are being 
employed, extending to tempera tures which have not previously been 
explored. 

In preparation for the work wikh UOj, enthalpy m e a s u r e 
ments were made with tungsten powder. After some initial experimental 
difficulties, prel iminary data were obtained at 2825 and 3125°K. These 
results a re tabulated below, and are compared with the resul ts of Kiri l l in 
et al.* and Hein and Flagella.** 

Temp 
(°K) 

2825 
3125 

H T - Ho°K (cal/mole) 

This Work Kiril l in et al.* Hein and Flagella** 

19,778 
22 ,504 

19,457 
22 ,123 

19 ,384 

22 ,305 

The a g r e e m e n t wi th the p u b l i s h e d v a l u e s is c o n s i d e r e d s a t i s f a c t o r y . 

While the t u n g s t e n powder e x p e r i m e n t s w e r e in p r o g r e s s , 
p r o t o t y p e c a p s u l e s conta in ing U O j w e r e r e c e i v e d . To avoid e x c e s s i v e d e l a y s 

*Kirillin, V. A.. Sheindlin, A. E., Chekhovskoi. V. Ya., and Petrov, V. A., Russ. J. Phys. Chem. 37, 1212 
(1963). 

•*Hein. R. A-. ^'^ Flagella, P. N.. Enthalpy Measurements of UP; and Tungsten to 3260°K, GEMP-578 
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in the acquisition of data on the enthalpy of uranium dioxide, exploratory 
measurements with that mater ia l were made before concluding the tungsten 
work. Prel iminary UO2 results (not reported) show good agreement with 
the recent work of Hein and Flagella. However, these values a re higher 
than would be expected from extrapolations of ear l ier measurements by 
Moore and Kelley* and Conway and Hein.** 

At present measurements are continuing simultaneously 
with UO2 and tungsten. Attention will be directed initially to a determina
tion of the heat of fusion of UOj to help resolve the conflict between the 
value 18.2 kcal/mole obtained by drop calorimetry by Hein and Flagella 
and that of 25.3 kcal/mole obtained by cooling curve techniques. 

3. Coolant Dynamics 

a. Cri t ical Flow (H. K. Fauske) 

Last Reported: ANL-7427, pp. 141-142 (Feb 1968). 

(i) Sodium Tests . Several runs have been made with flashing 
sodium in the cylindrical-divergent test section. The measured axial tem
perature and pressure profiles in the flashing region are being analyzed 
to determine the deviations from the corresponding equilibrium sta tes . 
Prel iminary findings indicate large deviations. 

A leak in the test section has caused temporary shutdown 
of the sodium loop. A new test section is being fabricated. 

(ii) Sonic Velocity. The modifications to the experimental 
facility that will permit tests of s team-water mixtures a re almost 
completed. 

b . Coolan t D y n a m i c s (R. M. S i n g e r ) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , pp, 142-144 ( F e b 1968). 

(i) S u p e r h e a t . A second s u p e r h e a t t e s t v e s s e l wi th a s a n d 
b l a s t e d h e a t e r s u r f a c e h a s been i n s t a l l e d and is be ing t e s t e d . The t e s t p r o 
c e d u r e and p r e s s u r e - t e m p e r a t u r e h i s t o r y wi l l be the s a m e a s w e r e u s e d in 
the e x p e r i m e n t s with the m i r r o r - f i n i s h e d v e s s e l so tha t the effect of s u r f a c e 
c h a r a c t e r i s t i c s on i n c i p i e n t - b o i l i n g s u p e r h e a t s can be o b s e r v e d . 

Moore, G, E., and Kelley, K. K., J. Amei. Chem. Soc. 69, 2105 (1947). 
Conway, J. B., and Hein, R. A., J. Nucl. Mater. 1£, 143 (1965). 
Hein, R. A., and Flagella, P. N., loc. cit. 

+̂  Grossman, L. N., and Kaznoff, A. I., J. Amer. Cetam. Soc. 61, 59 (1968). 
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(ii) Expulsion. Most of the instrumentation has been installed. 
The sodium piping and cleanup system are being assembled. 

c. Core Component Dynamics (M. W. Wambsganss) 

Last Reported: ANL-7419, pp. 154-157 (Jan 1968). 

Experimental support of the studies has begun with introductory 
smal l - sca le explosive tes ts using powder charges (of less than l /2 g each) 
and EBR-II cladding tubes on the "standard" spacing in a r r ays of 1-19. The 
introductory tes ts a re establishing the appropriate range of energy r e 
l eases , m a t e r i a l s , and the ignition and packing procedures that will provide 
consistent r e su l t s . The aim is to determine such things as the periods and 
energy- re lease thresholds for retaining the energy by the bundle packing 
and the hexagonal can of the subassembly. Then we can study the propaga
tion from subassemblies in the limiting region and beyond. A major goal 
of the exper iments is to explain the partitioning of mechanical energy. For 
example, the pre l iminary tes ts indicate such qualitative features as the 
partitioning of energy absorbed in gross bending of the tube versus deforma
tion of the c ross section, as well as roughly indicating the energy involved 
in venting a tube in or out of water and the subsequent effect on other tubes 
in the a r r a y . 

B. Operations 

1, TREAT Operations (J. F . Boland) 

Last Reported: ANL-7427, pp. 145-146 (Feb 1968). 

a. Reactor Operat ions. Neutron radiographs were made of unir
radiated EBR-II fuel elements to develop techniques for detecting cladding 
and end-fitting distortion in spent fuel e lements . The techniques now appear 
satisfactory and plans a r e being formulated for neutron radiographing the 
lower ends of i r radia ted EBR-II fuel pins . 

Three Zircaloy-clad, UOz-pellet fuel rods were i r radia ted in 
room- tempera tu re water in t ransparen t capsules to obtain data on failure 
threshold and failure mechan i sms . Similar tes ts a re planned for Zircaloy-
clad, UOj-powder fuel rods of s imi lar s ize , cladding thickness , and fuel 
enrichment . The data from these exper iments will be used to obtain a com
par ison of failure thresholds and mechanisms for these two types of fuels. 

b. Development of Automatic Power- leve l -con t ro l System. Com
puter simulation of the TREAT reactor with an automatic control system 
continued. A successful simulation was run of reac tor and control-systena 
response to a power demand change of two decades on a 0.1-sec period. 
Xhe data from this simulation showed that a faster cont ro l - rod speed will 



130 

be required for terminating the power increase than for any other control 
function. Additional computer simulations will be required to determine 
the amount of power overshoot associated with slower power-change rates 
and slower control-rod speeds. Since the cost of the control system will 
be strongly dependent on the maximum control-rod speed specified, system 
response will be evaluated for control-rod speeds that a re attainable with 
several standard-size servo values. 

C. Chemical React ion--Research and Development 

1. Chemical and Associated Energy Problems (Thermal) 

a. Analysis of Loss-of-coolant Accidents (J. C. Hesson) 

Last Reported: ANL-7399, pp. 168-169 (Nov 1967). 

Experimental simulations of the environment of Zircaloy-clad, 
UOj-core fuel rods following a loss-of-coolant accident in a water-cooled 
power reactor have continued. In such a situation, the fuel would be sub
jected to a slowly rising temperature (compared with that of a transient) 
because of fission product decay heating and the exothermic cladding-steam 
reaction. In addition, the fuel rods would be subjected to a steam atmo
sphere and water from an emergency coolant systena (unless it fails). 

The primary objectives of these out-of-pile simulations are to 
define, identify, and characterize fuel failure (in t e rms of change in fuel-
rod geometry) so that the behavior of a water-cooled reactor core following 
a loss-of-coolant accident may be predicted. The program will be useful 
in providing parameters for fuel failure in loss-of-coolant calculational 
studies, such as with the CHEMLOC Program. 

The resul ts of several scoping experiments using induction 
heating of single rods and four-rod bundles have been reported previously 
(see P rogress Reports for April 1967, ANL-7329, p. 94, and Nov 1967, 
ANL-7399, p. 168). 

Currently, a ser ies of experiments is being conducted in which 
single simulated fuel rods are inductively heated in a flowing steam atmo
sphere topredetermined temperatures and then quenched by cooling water 
to simulate emergency core cooling. The simulated fuel rods for these 
tests consist of l /2- in . -dia UO2 pellets encased in 12-in.-long sections of 
Zircaloy tubing (of 0.567-in. OD with a 0.031-in. wall thickness). The rods 
are evacuated and pressur ized to 10 psig with helium. For each test , a 
rod is placed inside a 0.865-in.-ID quartz tube cell where a central axial 
section is heated by a 3-in.-long induction coil. A W5-Re/W26-Re thermo
couple at the inside surface of the Zircaloy tubing (near the axial center of 
the induction coil) is used to measure the rod tempera ture . Steam is 



a d m i t t e d t o t h e b o t t o m of t h e q u a r t z c e l l a n d t h e c o o l i n g w a t e r q u e n c h i s 

a d m i t t e d t o t h e c e l l e i t h e r b y s p r a y i n g f r o m t h e t o p o r by f l o o d i n g f r o m 

t h e b o t t o m . T h e s t e a m f l o w r a t e i s 2 g / m i n ( 0 . 2 6 5 I b / h r ) , w h e r e a s t h e 

c o o l i n g w a t e r f l o w r a t e i s 190 g / m i n ( 2 5 . 1 I b / h r ) . 
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T o h e a t i n d u c t i v e l y a s i n g l e r o d t o t e m p e r a t u r e s of t h e o r d e r 

of 1 0 0 0 t o 2 1 0 0 ° C a t h e a t i n g r a t e s of a b o u t 5 ° C / s e c a n d t h u s s i m u l a t e l o s s -

o f - c o o l a n t c o n d i t i o n s , h e a t m u s t b e a d d e d a t a m u c h g r e a t e r r a t e t h a n i n 

d e c a y h e a t i n g of a n a c t u a l r o d . T h i s i s n e c e s s a r y b e c a u s e t h e h e a t l o s s e s 

f r o m a s i n g l e r o d a r e m u c h g r e a t e r t h a n f r o m a r o d i n a c o r e s u r r o u n d e d 

b y a n u m b e r of o t h e r r o d s . H o w e v e r , w h e n q u e n c h i n g c o m m e n c e s , t h e 

h e a t l o s s t o t h e c o o l i n g w a t e r f r o m a s i n g l e r o d b e c o m e s m o r e n e a r l y 

e q u a l t o t h e h e a t l o s s of a r o d in a c o r e b e i n g q u e n c h e d . 

I t i s e x t r e m e l y d i f f i c u l t t o d e t e r m i n e a t w h a t l e v e l t h e i n d u c 

t i o n h e a t i n g s h o u l d b e h e l d d u r i n g t h e q u e n c h i n g p e r i o d t o s i m u l a t e t h e 

a c t u a l c o n d i t i o n s e x p e r i e n c e d by a r o d in a r e a c t o r c o r e . In t h e s e e x p e r i 

m e n t s , s o m e t e s t s w e r e c o n d u c t e d w i t h t h e i n d u c t i o n h e a t i n g p o w e r c o n 

t i n u e d d u r i n g q u e n c h i n g a t t h e l e v e l r e a c h e d a t t h e t i m e q u e n c h i n g w a s 

i n i t i a t e d . T h i s r e s u l t s i n a d d i n g a n u n k n o w n a m o u n t of e n e r g y , e i t h e r 

m o r e o r l e s s e n e r g y t h a n n e e d e d t o s i m u l a t e t h e a c t u a l c a s e . I n o t h e r 

t e s t s , t h e i n d u c t i o n g e n e r a t o r w a s t u r n e d off a t t h e t i m e t h e q u e n c h i n g 

w a t e r f l o w b e g a n . 

P r e l i m i n a r y r e s u l t s of t h e e x p e r i m e n t s a l r e a d y c o n d u c t e d a r e 

s h o w n in T a b l e V . C . I . I n c o n s i d e r i n g t h e r e s u l t s of t h e s e t e s t s , i t m u s t b e 

b o r n e i n m i n d t h a t t h e t e s t r o d s a r e o n l y 12 i n . l o n g w i t h a 3 - i n . - l o n g h e a t e d 

TABLE V.C . I . Out-of-pi le Loss-of-coolant Exjieriments Usiitg Inductively 
Heated Simulated Fuel Rods 

Z i r ca loy -2 -c l ad , UOj-pe l le t -core Fuel (See text) 
Steam Flow Rate : Z g /min 
Cooling Water Flow Rate: 190 g /min 

Run 
No. 

Quench 
Temp 
CO 

Bottom 
or Top 
Quench 

Heating 
Rate 

( ° c / s e c ) 

Power On 
or Off 
during 
Quench 

Hydrogen 
Collected 

(mol) 

Z\ 10 
1868 
1646 
1462 
1663 

1864 

1488 

Top 
Top 
Bottom 
Bottom 
Bottom 

Bottom 

6.3 
5.2 
4.7 
4.8 
5.0 

6.0 

On 
On 
On 
Off 
Off 

Off 

<0.1 
<0.1 

0.093 
0.025 
0.062 

0.081 

0.026 

Rod failed; cladding fragmented. 
Rod failed; cladding fragmented. 
Rod failed; cladding fragmented. 
Rod remained intact . 
White band on cladding; rod 
remained intact . 
White band on cladding; rod 
remained intact on cooling, but 
failed on handling. 
Rod remained intact , but some 
very thin l aye r s of oxide flecked 
off the cladding. 
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section, and are not mechanically res t ra ined in the test apparatus. Since 
the embrittlement and loss of strength of the cladding increase with the de
gree of cladding oxidation and interaction with the UO2, unrestrained rods 
which did not fail in these tests might have failed if subjected to res t ra in ts 
and warpage such as those that could occur in bundles of rods in a reactor 
core. In addition, the efficiency of cooling bundles of rods may be con
siderably different than that of cooling single rods. The effects of i r rad ia 
tion and methods of heating (decay versus induction) as well as gas p ressu re 
in the rods may also change the resul ts considerably. Nevertheless , these 
preliminary results indicate that, for the conditions of the t e s t s , the cri t ical 
quench temperature for unrestrained rod fragmentation would be in the 
range from 1400 to 1700°C. 

Post- tes t examinations of the cladding and the UO2 pellets are 
currently in p rogress . 

b. P r e s su re Generation due to Part icle-coolant Energy Transfer 
(R. O . Ivins and J. C. Hesson) 

Last Reported: ANL-7403, pp. 156-163 (Dec 1967), 

In order to analyze adequately the consequences of an accident 
in a water-cooled thermal reactor in which hot fuel mater ia l s a re injected 
and dispersed into the water coolant, knowledge of the manner in which 
large amounts of energy are t ransfer red from these part ic les to the coolant 
is needed. Laboratory-scale experiments are being made, using two dif
ferent techniques, to obtain heat- t ransfer and energy-transfer data. The 
first technique (discussed here) involves determination of boiling heat t r ans 
fer between a moving sphere and water. The second technique (see 
ANL-7403, p. 156) employs a p ressu re t ransducer to measure the forces 
generated owing to void formation when hot part icles a re immersed in a 
water column. 

(i) Transient Heat- transfer Studies in Water. A ser ies of ex
periments have been performed to study the forced-convection heat transfer 
from spheres in water. In the experiments , a heated silver metal sphere is 
propelled through the water by means of a motor-dr iven swinging a rm (see 
Progress Report for August 1967, ANL-7371, p. 111). The tempera ture of 
the sphere is continuously monitored by a thermocouple attached to the 
sphere through the a rm. The rate of heat transfer from the sphere to water 
is calculated using the t ime-averaged bulk tempera ture of the sphere (the 
arithmetic average temperature before entering and after leaving the 
water). 

Heat- transfer rates from typical recent experiments using 
a l /4- in .-dia silver sphere are plotted in Fig. V.C.I as a function of the 
average bulk sphere tempera ture . The heat - t ransfer rate curves a re of the 
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c l a s s i c s h a p e for boi l ing l i qu ids* 
and show two r e g i m e s of bo i l ing : 
n u c l e a t e boi l ing and f i lm bo i l ing . 
N u c l e a t e boi l ing w a s o b s e r v e d 
(with water init ial ly at 24°C) at 
a v e r a g e s p h e r e t e m p e r a t u r e s 
f r o m about 100 up to 3 50°C, with 
i n c r e a s e d r a t e s of hea t t r a n s f e r 
a t the h i g h e r t e m p e r a t u r e s . At 
a v e r a g e s p h e r e t e m p e r a t u r e s 
above 350°C, t r a n s i t i o n of f i lm 
boi l ing o c c u r s , m a n i f e s t e d by a 
d e c r e a s e in hea t t r a n s f e r r a t e . 

The r e s u l t s shown in 
F i g . V . C . 1 i nd i ca t e that the effect 
of hea t ing the w a t e r i s to l o w e r 
the t e m p e r a t u r e a t wh ich the 
t r a n s i t i o n of f i lm boi l ing o c c u r s . 
D i s s o l v e d a i r * * in the w a t e r a l s o 
t e n d s to i n i t i a t e the t r a n s i t i o n to 
f i lm boi l ing at l ower t e m p e r a 
t u r e s . Th i s effect w a s l e s s m a r k e d 
at w a t e r t e m p e r a t u r e s of 24 and 
90°C than at i n t e r m e d i a t e t e m p e r a 
t u r e s . H e a t - t r a n s f e r r a t e s in the 
f i l m - b o i l i n g r e g i o n w e r e 75% 
g r e a t e r for r u n s wi th p r e v i o u s l y 
boilefl w a t e r a t 60°C than wi th 
w a t e r not p r e v i o u s l y b o i l e d . 

100 200 300 400 500 600 
AVERAGE BULK SPHERE TEMPERATURE, "C The t h e o r e t i c a l e q u a t i o n 

for h e a t t r a n s f e r f r o m a s p h e r e 
( p r e v i o u s l y g i v e n a s E q . (2) in 
A N L - 7 3 7 1 , p . 113) for c o r r e l a 
t ing s o d i u m h e a t - t r a n s f e r da t a 

u s e d to c o r r e l a t e a l l e x p e r i m e n t a l da ta ob ta ined wi th bo i l ed 

Fig. V.C.I. Heat Flux from Swinging-arm Experiment 
with l/'4-in.-diii Silver Sphere Moving 
through Water at 13.9 ft/sec 

has been 
w a t e r : 

/U p .C .k, 
,/A = lAi[^^\lLJ 

1/2 

( T . - T B ) . (1) 

*Nukiy.ini3, S., "Maximum and Minimum Values of Heat Transmission from Metal to Boiling Water under 
Atmospheric Pressure, • Journal of the Society of Mechanical Engineers (Japan) :10, :3G7 (1934); Farber. E. A. 
and Scotah, R. L.. "Heat Transfer to Water Boiling under Pressure," Trans. ASME TO, 369 (1948). 

•unboiled water contained ox>-gen corresponding to amounts present when water is in equihbrium with the 
atmosphere (about 9 ppm at 20°C), whereas after boiling the oxygen content of the water was only 2 or 
3 ppni. 



134 

Since Eq. (l) can be e x p r e s s e d in t e r m s of d i m e n s i o n l e s s n u m b e r s , e x p e r i 
m e n t a l data w e r e c o r r e l a t e d by plot t ing N u A T / ( R e , P r ) " ' ^ v e r s u s AT (see 
F ig . V.C.2) , w h e r e Nu, R e , and P r a r e the N u s s e l t , R e y n o l d s , and P r a n d t l 
n u m b e r s , r e s p e c t i v e l y . It is a p p a r e n t f r o m the f igure t ha t , wi th in the 
nuc l ea t e -bo i l i ng r e g i m e , the e x p e r i m e n t a l da ta ob ta ined a t s e v e r a l s p h e r e 
ve loc i t i e s c o r r e l a t e we l l . 
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Fig. V.C.2 

Heat Flux from Swinging-arm Experiments with 
l/4-in.-dia Silver Sphere in Water. (AT = dif
ference between average bulk sphere tempera
ture and water temperature.) 

Experinnental Data 

Symbol Sphere Velocity (ft/sec) 

O 3 4 

D 7.2 

O 13.9 

A 25.5 

300 400 

at.-c 

Since Eq. (1) is b a s e d on the a s s u m p t i o n of fo rced con
vec t ion (negl igible vapor fo rmat ion) with s u p e r h e a t i n g of the l iquid nea r 
the s p h e r e - l i q u i d i n t e r f a c e , the equat ion does not a c c u r a t e l y p r e d i c t the 
o b s e r v e d h e a t - t r a n s f e r r a t e s at l a r g e va lue s of AT. A p p a r e n t l y , vapor 
fo rma t ion c o n t r i b u t e s to the h ighe r r a t e s , a l though s u p e r h e a t i n g of the 
liquid is n e v e r t h e l e s s s igni f icant . F u t u r e e x p e r i m e n t s wil l be d i r e c t e d 
t o w a r d d e t e r m i n i n g the condi t ions r e l a t e d to w a t e r s u p e r h e a t i n g and vapor 
fo rma t ion , and toward defining m o r e c l e a r l y the con t r ibu t ion of each to 
hea t t r a n s f e r . 

D, Effluent Con t ro l R e s e a r c h and D e v e l o p m e n t - - G a s e o u s Effluent S tudies 

1. P lu ton ium Volat i l i ty Safety 

a. P lu ton ium Hexaf luor ide Safety (R . W . K e s s i e ) 

L a s t R e p o r t e d : A N L - 7 4 0 3 , pp. 163-164 (Dec 1967). 

The vola t i l i ty of P u F j , combined with the high toxic i ty of p lu 
ton ium. r e q u i r e s that a high d e g r e e of c l eanup be p r o v i d e d for the off -gas 
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from an enclosure to provide for the possibility of an accidental re lease of 
PuF(, in the enclosure . Labora tory-sca le experiments are underway in 
which plutonium is removed from the gas s t ream by the combined process 
of hydrolysis of PuF^ and filtration of PUO2F2 part ic les through a ser ies of 
pre tes ted high-efficiency fil ters (of 10-cm diameter) . 

Six runs were performed to determine whether the presence of 
1 to 10 m / o fluorine in the gas s t r eam affects plutonium removal . To allow 
comparison of resul ts with the resul ts of previous runs in which fluorine was 
absent , PuF^ concentration was varied between 6 x 10"' and 26 x 10 Tor r , 
the gas velocity between 0.25 and 2.5 c m / s e c , and mois ture between 0.3 and 
5.3 To r r . When analytical resul ts for these experiments a re received, they 
will be compared with resul t s for ea r l i e r runs in which fluorine was absent 
(see ANL-7403). 
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